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ABSTRACT
Hossain, Md Kamal, PhD. The University of Memphis. May, 2016. Dynamic
Performance Improvement of Grid-Connected Photovoltaic (PV) System by Nonlinear
Controlled Devices. Major Professor: Dr. Mohd Hasan Ali.

Large-scale grid-connected photovoltaic (PV) plants are proliferating and power system
operators are imposing strict grid code. This dissertation proposes an advanced control
methodology to enhance the dynamic performance of a large-scale two-stage gridconnected PV plants. The dynamic performance augmentation is achieved in terms of
enhancing the low-voltage ride-through (LVRT) capability and transient stability. Since a
PV system is nonlinear in nature, a fuzzy logic controller (FLC) has been implemented
for the active power insertion considering the severity of grid voltage dip. The
effectiveness of the proposed methodology in improving the LVRT of the grid-connected
PV system is verified by applying both balanced and unbalanced faults in the grid side.
The proposed method is able to protect the DC-link overvoltage, and is capable of
suppressing the transient overcurrent and inserting the reactive current.
This dissertation also deals with the investigations of transient stability augmentation
of a hybrid power system consisting of a PV power generation source, a doubly-fed
induction generator (DFIG)-based wind energy system, and a synchronous generator
(SG). A parallel-resonance bridge type fault current limiter (PRBFCL) is proposed to
augment the transient stability of a hybrid power system. Simulation results obtained
from the Matlab/Simulink software show that the proposed PRBFCL is effective in
maintaining stable operation of the PV, wind generator, and synchronous generator
during the grid fault. Moreover, the performance of the PRBFCL is better than that of the
BFCL and the FRT methods.
v

Furthermore, this dissertation proposes three nonlinear controllers such as fuzzy logic
controller (FLC), static nonlinear controller (SNC), and adaptive-network-based fuzzy
inference system (ANFIS)-based variable resistive type fault current limiter (VR-FCL) to
augment the transient stability of the same hybrid power system. Appropriate resistance
generation of the VR-FCL during a grid fault to provide better transient stability is the
main contribution of the work. Simulation results show that the proposed FLC, SNC or
ANFIS based VR-FCL is effective in improving the transient stability of the studied
hybrid system. Moreover, all the proposed methods exhibit almost similar performance.
Therefore, any of the methods can be chosen for the transient stability enhancement of
the hybrid power system.
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I.

INTRODUCTION

The world energy demad is increasing rapidly and it will increase up to 53% by 2035
[1]. The increase of usage of renewable energy sources over the past few decades is
playing a vital role in solving the acute energy demand problems and environmental
concern issue like global warming. As a renewable energy source, photovoltaic (PV) has
attracted the attention due to their sustainability, cleanliness, maintenance free and
omnipresent behavior. Recently, PV cells, which convert solar energy into the electrical
energy, have been widely exploited in applications such as wireless sensor networks
(WSNs), autonomous systems, and power plant systems [2]. According to the
International Energy Agency (IEA) [3], the PV industry around the world has developed
at an average annual growth rates of 15% to 20% from 1991 to 2007, which is
comparable to that of the semiconductor and computer industries [4]. Sunlight being
ubiquitous and the emerging technologies of thin film and crystalline solar cells renders
the photovoltaic (PV) as a popular renewable energy source. It is seen from figure.1
that, in the last 13-year period (from 2000 to 2012), global cumulative installed
photovoltaic power has increased from 1,400 MW to 102,156 MW [4] [5]. The solar
energy will attain the important position among the renewable energy sources within
2040, fulfilling almost 28% of all world energy demand [6].
Large scale integration of the solar, wind, and ocean wave energy sources can
contribute in fulfilling the world’s energy demand reliably without hampering the global
climate at reasonable cost [7]. Large scale hybrid renewable energy source (HRES)
consisting of PV, wind and marine-current is integrated to the grid by transmission line
reported in [7]–[9]. The hybrid PV/wind power systems are more reliable than individual
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PV or wind generator system. They complement each other, since sunny days are calm
and less windy whereas night and cloudy days are associated with higher velocity of wind
[10]. When these renewable energy sources are intergraded with the existing and
conventional synchronous generator (SG)-based power system, their reliability amplifies
in many times. Also, grid-connected hybrid power systems (HPS) are becoming popular
for remote area power generation applications. The wind energy generating system
(WEGS) today is an established source of renewable energy, with an annual increase rate
of 20% and the total worldwide installation capacity of 238000 MW at the end of 2011
[7]. Doubly-fed induction generator (DFIG), which is exploited as a variable speed wind
turbine (VSWT) generator, is employed extensively as wind generator due to its several
merits, such as higher efficiency and independent control of active and reactive powers
by exploiting power electronic interfaces for better grid connection [11]. Moreover, the
simple and rugged construction, low cost, ability to capture the maximum energy from a
wide range of wind velocities, and partially rated ac/dc/ac converter for generating
variable frequency, make the doubly fed induction generator (DFIG) the preferred choice
over other wind generating systems [12].
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Figure 1: Worldwide cumulative PV power installed [5].

Figure 2. 18 MW PV system [13].
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The grid-connected large (multi-megawatt class) PV systems are gradually increasing
day by day besides the standalone PV system. More than 150 PV plants with a capacity
above or equal to 10MW are available around the world [14]. An 18 MW grid-connected
PV system which is under construction in New Jersey is pictured in Fig. 2 [13]. Also, the
PV generated power is transmitted through high and medium voltage networks [7]. As
the PV penetration to the grid is getting higher, dynamic stability is becoming a matter of
utmost importance. The grid-connected operation of a PV system raises numerous
concerns, such as power quality, voltage, angular and frequency stability, etc. [15]. The
PV generated power is a function of environmental conditions (i.e. irradiance and
temperature) for which the PV power varies continuously with the variations in
atmospheric conditions. An important challenge in the modelling of a PV system is to
provide a means of extracting the maximum power for a given environmental condition.
The maximum power point tracking (MPPT) technique serves the purpose of delivering
maximum PV generated power to the grid [16] . Also, it is important that inverter of the
grid-connected PV system does not deteriorate the power quality at the point of common
coupling (PCC) in any significant way. Grid-codes are strictly maintained for the PV
integration to the grid and the most widely employed one is the E.ON code, imposed by
Germany [17]. For large-scale grid-connected PV power plants, the European grid-codes
suggest interconnection with the functions of dynamic grid support and grid management,
which permits the PV plant to take part in the grid voltage regulation [18]. Among the
grid-codes, low-voltage ride-through (LVRT) or fault ride-through (FRT) capability is
particularly important along with dynamic voltage support by supplying required reactive
current after the grid-fault initiation [19], [20]. In electricity supply and generation, the
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LVRT or FRT capability is defined as a capability of PV or wind generators to be able to
operate through periods of lower grid voltage [21]–[23] . The LVRT or FRT capability is
required to allow continuous operation of a large-scale grid-connected PV system
through severe voltage disturbance at grid since a disconnection of the PV plant
potentially deteriorates the grid voltage restoration during or after fault conditions [18],
[24]. Lack of LVRT capability in grid-connected PV system results in voltage flickers,
low voltage, and power quality problems for the customers which eventually causes the
loss the customers’ money [25]. If the PV energy conversion systems are equipped with
ancillary services, such as reactive power support and LVRT capability, it can contribute
to enhanced system stability [26]–[29].Thus, augmentation of LVRT or FRT capability is
an important issue to be addressed for large-scale deployment of PV power. In order to
increase network reliability, renewable energy sources, like wind generator, PV, etc., are
intergraded with the existing and conventional synchronous generator (SG)-based power
system to form hybrid power system (HPS) [7], [11]. However, the occurrence of the grid
faults causes the stability problem of these grid-connected energy sources. Also, large
scale penetration of the renewable energy sources into the power grid leads to an
enhanced short-circuit power level. PV system in hybrid power system (HPS) does not
exploit rotational machine to produce electricity, and it’s short-circuit current capabilities
are limited compared to those of traditional rotating machines, such as SG and DFIG.
Also, an important condition for the satisfactory system operation of power systems with
rotating machines, like SG and DFIG is that all the rotating machines remain in
synchronism.
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During the steady-state condition, there is an equilibrium between input mechanical
torque and output electrical torque of each rotating machines in HPS. When an external
fault occurs, the power system equilibrium condition is perturbed that results in an
acceleration or deceleration of the rotating machines according to the law of rotating
body. If the fault continues, then it leads to the unstable condition of power system.
Hence, rotating machines in HPS lose synchronism and their rotor deviates from the
synchronous speed. Transient stability is the property of a power system to regain its
normal operating condition following sudden and severe faults in the system [30]. The
transient stability study is extremely important for maintaining the continuity of the
power flow and properly controlling the modern electrical power systems with multiple
renewable energy sources integrated to it.
The issue of enhancing the LVRT or FRT capability for renewable energy sources are
adopted in different ways. For the large PV plants, an LVRT method is proposed in [31],
however, the proper active power insertion and the DC link protection during the grid
disturbance are not discussed. The methodology proposed in [24] is only capable of
managing only the symmetrical fault by inserting both active and reactive powers at low
to medium voltage networks and also does not consider the DC link protection. A
protection scheme is adopted in [32] depending on the symmetrical components to cope
with the LVRT issue, but, it has the shortcoming of the high current stress on unbalanced
and low grid voltage. Although the positive and negative sequence components all were
considered in [33] to insert active and reactive powers at LVRT period without exceeding
the inverter current limit, however, the DC-link protection scheme was not considered.
The most widely employed LVRT method is the application of a resistor with chopper
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circuit across the DC link [34]-[35]. The presence of the grid fault causes the series
resistor in operation, which dissipates the PV generated power to balance the power
between both sides of the inverter. Although the DC link overvoltage is protected by this
method, this method is not capable of supporting the voltage during the grid fault. The
LVRT technique proposed in [35] addressed the issue of reactive power supply according
to the E.ON grid code as well as the DC-link overvoltage protection. However, it does
not consider the issue of practical fault conditions rather than assuming voltage sag at the
point of common coupling (PCC). Reactive current injection in both positive and
negative sequence components were adopted in [15-16] to provide dynamic voltage
support during low grid voltage. Also, a methodology of inserting reactive current within
the inverter current limit employing transformer flux compensation was proposed in [38].
An LVRT capability enhancement of single-phase-single-stage PV system is discussed in
[39] considering the active-reactive (PQ) power and proportional resonant current control
strategy. However, the proper balance in active power generated by the PV generator and
the power inserted to the grid during the grid disturbance has not been addressed so far.
This dissertation considers developing of the nonlinear controllers to enhance the LVRT
or FRT capability of a large scale grid-connected PV systems. The PV power variability
due to variation in temperature and irradiance is considered as a major obstacle to largescale PV integration to the grid. High PV penetration to the grid with high ramp-rate
variation (due to high irradiance variation) causes considerable amount of voltage
fluctuations [40]. Various types of energy storage devices are employed to control the
ramp-rate of the PV generated power [41]–[51]. In [47], [48], state of charge of battery
energy storage is used to control the ramp-rate of the PV output. Hybrid energy storage is
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exploited in [52] for the reduction of the variation of a large PV plant. Grid-connected PV
fluctuation is minimized with the help of hydrogen energy storage in [53]. Therefore, PV
power fluctuation minimization and the ramp-rate control are the important issues to be
dealt with. In this dissertation, the methodology of calculating the ramp rate of PV
harvested power and the statistical analysis of calculated ramp rate are incorporated.
Irradiance and temperature data from four locations of the Colorado State are considered
for this study. A large number of works are available in the literature for the analysis of
solar power variability [54]–[60].
Several reports on minimizing the adverse effects of grid disturbances on the DFIG
based wind farms [61]–[67] are available in the literature, and the issues of enhancing the
stability of the power networks including both wind and synchronous generators (SGs) by
flexible ac transmission system (FACTS) devices are addressed in [11], [68]–[71]. Fault
current limiters (FCLs) are extensively employed in the power system networks for
suppressing the fault current. In the literature, various types of fault current limiter are
proposed such as resistive-type FCLs, inductive-type FCLs, superconducting FCLs
(SFCLs), flux-lock-type FCLs, DC reactor-type FCL, and resonance-type FCLs [72]–
[77]. The application of the FCLs in the power systems is not only to suppress the peak of
the short-circuit current, but also for other power system applications, such as power
system transient stability augmentation, fault ride through (FRT) capability enhancement
of wind generator, power quality improvement, and reliability improvement. Literature
shows that coordinated operation of SFCL and SMES is employed at the PCC to enhance
the FRT and the power fluctuation minimization purpose of DFIG-based wind farm [78].
Switched-type FCL and high temperature superconducting fault current limiter (HTS-
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FCL) are employed in [68], [79], respectively, for enhancing the FRT capability of the
DFIG-based wind generator. Resistor-based superconducting fault current limiter (SFCL)
[76], [80] and HTS-FCL [81] are placed at the PCC point in order to enhance the
transient stability of synchronous generator (SG)-based single-machine-infinite-bus
(SMIB) power system. Dangjin power plant, operating under utility company Korean
Power Exchange (KPX), has multiple thermal power generating units connected to a
common bus (PCC), and SFCL is placed at the PCC to enhance the power system
stability [82].
Besides the above mentioned applications of FCLs for the stability purposes, the highvoltage direct-current (HVDC) link joined with a damping controller based on adaptivenetwork-based fuzzy inference system (ANFIS) utilized in [7], for enhancing the
transient stability of a hybrid system. The static synchronous series compensator (SSSC)
[83], series dynamic braking resistor (SDBR) [84], static var compensator (SVC) [85],
and static synchronous compensator (STATCOM) [11] are employed for enhancing the
stability of the hybrid power system consisting of DFIG, permanent magnet synchronous
generator (PMSG), and SG-based power systems. Applications of SMES for enhancing
the dynamic performance of grid-connected wind and PV generating systems are reported
in [86]. SFCL employs superconducting inductor and some of the bridge-FCLs use
transformer for the coupling purpose incurs high manufacturing cost. Because of the high
cost of SFCLs, they are not commercially available in the markets. It is important to
investigate a cost-effective and new method for transient stability improvement of hybrid
power systems. Due to its simplicity and low cost, the nonsuperconducting fault current
limiter [77] is a promising technique for enhancing the transient stability of the power
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system [87] and improving the fault ride through capability of the wind generators [88].
Resonance-type FCLs suppress the fault current by exploiting various configurations of
series or parallel LC resonant circuits [89]. The resonant circuits have the advantages
over solid-state circuit breakers, are the simplicity of their construction and the control
strategy. The disadvantage of bridge type fault current limiter (BFCL) compared to the
parallel resonant circuit fault current limiter is that, it imposes less effective impedance,
because of its only current limiting inductance along with the one series resistor for the
power evacuation [87]. Other BFCL topology [90] employs the coupling transformer
which is an expensive approach for the fault current limiting applications. However, the
impedance imposed during the fault event for parallel-resonance bridge type fault current
limiter (PRBFCL) which is proposed in this dissertation, has more impact than the BFCL,
because of the presence of capacitor and multiple resistors for the power evacuation. The
PRBFCL is designed in such a way that it provides sufficient damping characteristics to
the energy sources of the hybrid power system. To achieve better transient stability, an
optimal resistance of the fault current limiter should be inserted, and this optimal
resistance is related to the prefault conditions [91]. The penetration of PV and wind
power to an SG-based power system adds to the nonlinearity of a system, where these
nonlinearities are incurred by intermittent behavior of solar intensity, stochastic variation
of wind energy, the real power variation from SG-based power system, and the switching
phenomena of the inverters and power converters [7] .
Both fuzzy logic controller and artificial neural network (ANN) are powerful tools and
have prevalent applications in embedded control systems and information processing
[92], [93]. Fuzzy logic is capable of providing definite conclusions in a very simple way
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from vague or ambiguous information. The adaptive-network-based fuzzy inference
system (ANFIS) [94] is a powerful tool that can be obtained by the combination of ANN
and fuzzy logic controller. The ANFIS combines the self-learning ability of the ANN
with the knowledge-based linguistic expression of the Fuzzy logic. The ANFIS has been
employed to control thyristor controlled switched capacitor (TCSC) to augment both the
rotor angle stability and system voltage profile in [95]. ANFIS-controlled SSSC damping
controller has been exploited in enhancing the stability of the VSWT-based off-shore
wind farm and single machine system in [96] and [97], respectively. Control signal for
the static var compensator (SVC) has been generated by the ANFIS structure in [85] to
augment the stability of power system.
Based on what has been presented above in the area of dynamic performance
improvement of grid-connected PV system as well as hybrid power system (HPS),
several issues and drawbacks still need to be resolved. For example, i) the proper balance
in active power generated by the PV generator and the power inserted to the grid during
the grid disturbance has not been addressed so far, ii) most of the previous works focused
on irradiance variability instead of power variability. Also, none of the works consider
the temperature variation effect for the PV power analysis, iii) application of
nonsuperconducting fault current limiter (FCL) like parallel resonance bridge fault
current limiter (PRBFCL) has not been investigated to enhance the stability of the hybrid
power system, and iv) since renewable energy sources (PV and wind generators) in
hybrid power system produce variable output, variable resistance generation of the FCL
during the transient moment to attain prefault condition is of utmost important which has
not been addressed in literature.
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This dissertation proposes the following solutions to the above stated issues.
1) This dissertation mainly aimed to enhance the dynamic performance of the grid
connected PV systems. Dynamic performance improvement is achieved in terms of
enhancing the low voltage ride-through (LVRT) capability and transient stability. For two
stage three phase grid-connected PV system, a fuzzy logic controller (FLC) is designed
for controlling the DC/DC boost converter to balance inserted active power to the grid
along with the voltage source inverter (VSI) control scheme for reactive power support
during the voltage sag at grid without incurring additional device.
2) This dissertation involves the determination ramp rate (RR) of the PV generated
power due to irradiance and temperature fluctuation. In order to investigate the
smoothing effect of geographically distributed PV stations, global horizontal irradiance
(GHI) and temperature (0C) with 5 min resolution at four sites across the Colorado State
were converted to PV power by proper design of 0.5MW grid-connected PV plant. The
ramp rates (RRs) of the stations are calculated by exploiting the moving average.
3) This dissertation also proposes a parallel-resonance bridge type fault current limiter
(PRBFCL) to augment the transient stability of a hybrid power system consisting of a
photovoltaic (PV) power generation source, a doubly-fed induction generator (DFIG)based wind energy system and a synchronous generator (SG). The PRBFCL is designed
such a way that it can provide sufficient damping characteristics to the power system.
4) Finally, three nonlinear controllers, such as fuzzy logic controller (FLC), static
nonlinear controller (SNC), and adaptive-network-based fuzzy inference system
(ANFIS)-based variable resistive type fault current limiter (VR-FCL) are proposed to
augment the transient stability of the same hybrid power system.
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A. Organization of This Dissertation
The organization of this dissertation is as follows:
Chapter 1 provides the background of this dissertation including the importance and
motivation, contribution, and organization of this dissertation.
Chapter 2 presents the details about the photovoltaic (PV) systems. Here, the
operating principle of the solar cell and the characteristics of PV array are described.
Chapter 3 deals with the modelling and simulation of grid-connected PV system.
Chapter 4 discusses about the maximum power point tracker (MPPT) of the PV
system. Since this dissertation focuses on designing of a non-MPPT for power balancing
during grid fault, hence a discussion about different MPPT techniques are discussed here.
Chapter 5 deals with the statistical analysis of ramp-rate of PV power connected to
grid.
Chapter 6 presents a fuzzy logic controller-based power balancing for low voltage
ride-through capability enhancement of the grid-connected PV system.
Chapter 7 deals with the fault ride through (FRT) capability and transient stability
enhancement of the hybrid power system by proposed parallel resonance bridge fault
current (PRBFCL).
Chapter 8 presents three nonlinear controllers for varying the resistance of the VRFCL to augment the transient stability of the hybrid power system consisting of a PV
generator, a DFIG-based wind generator, and a synchronous generator (SG).
Chapter 9 provides the conclusion, contribution of this dissertation and the future
work.
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II.

DETAILS ABOUT PHOTOVOLTAIC (PV) SYSTEM

A. Working Principle of a Solar Cell
A PV cell as shown in Fig. 3 is basically a semiconductor diode whose p–n junction is
exposed to light [98] . When the sunlight impinges on the PV cell, electron-hole pairs are
created by the interaction of the incident photons and the atoms of the PV cell. However,
all the photons are not capable of producing the electron-hole pair. Those photons that
have the energy greater than the bandgap energy of the semiconductor material are only
capable of generating the electron-hole pairs. The built in potential or electric field at the
p-n junction of the PV cell causes the photon- generated-electron-hole pairs to separate,
with electron drifting into the n-region (e.g. phosphorus-doped) and hole drifting in the pregion (e.g. boron-doped) as shown in Fig. 3. A specially made selective contact is
employed to collect the electrons from the n-region and these electrons are conveyed to
the external circuit. The electrons release their energy by doing work in the external
circuit such as pumping water, spinning a fan, powering a sewing machine motor, a light
bulb, or a computer [6].
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Front Electrode (+)

Sunlight

Anti-reflection Coating

N-type silicon (P+)
P-type silicon (B-)

I

Back Electrode (+)
Figure 3. Construction of solar cell [99].

Figure 4. Picture of a solar cell [100].

Typical voltage difference of a solar cell is 0.5V as long as the cell is illuminated with
sunlight. The field of solar cell fabrication and characterization is an interesting area of
research and it is beyond the scope of this dissertation.
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B. PV module and array modeling
PV power is generated to employ numerous applications ranging from small scale (e.g.
wireless sensor network) to large scale (e.g. grid supply). PV cells are connected in series
to form PV module and the PV module is encapsulated in an environmentally protected
element. PV modules are connected in series-parallel combination to obtain higher
voltages or currents [101]. If the requirement is higher voltage, then the series connection
of the PV modules is employed whereas for the higher current parallel connection is
employed. Fig. 5 illustrates the elements of the PV system.

Figure 5. PV cell, module and array [102].

Fig. 6 represents the characteristic curve (I-V curve) of a PV module. The I–V curve in
Fig. 5 shows three very important points: short circuit (0, ISC ), MPP (Vmp , Imp), and open
circuit (VOC , 0). The PV cell has both limiting voltage and limiting current and hence the
cell is not damaged by operating it under either short-circuit or open-circuit conditions
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[101]. A particular PV module is capable of delivering the maximum voltage (Vmp) and
current (Imp) at particular environmental condition (irradiance and temperature).

Figure 6. I–V Characteristic curve of a practical PV module [98].

Fig. 7 represents that the higher voltage is attained by connecting m number of PV
modules in series whereas the higher current is obtained by parallel connection of n
number of PV modules which is shown in Fig. 8. A large PV array consists of a large
number of PV modules as shown in Fig. 9. m identical modules form of a PV string and n
identical PV strings are connected in parallel to build a large PV array. The open-circuit
voltage and the short-circuit current are (m×VOC) and (n×ISC) respectively.
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I
MPP of m series connected PV module

ISC

m× VOC
Figure 7. I–V Characteristic curve of a PV string with ‘m’ modules in series.

I

MPP of n parallel connected PV module

n× ISC

ISC

VOC

V

Figure 8. I–V Characteristic curve of a PV string with ‘n’ modules in parallel.
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I

MPP of a PV array of n×m modules

n× ISC

ISC

m× VOC

VOC

Figure 9. I–V Characteristic curve of a PV array of ‘m×n’ modules connected in seriesparallel configuration.
C. Bypass and blocking diodes
When a PV array is exposed to the partial shading condition, hot-spots may appear at
the less illuminated modules. Bypass diodes are connected to the PV modules to avoid
hot-spot condition. In practice, it is sufficient to connect one bypass diode for every 1520 cells [103]. The blocking diode is connected in series with each string, which is a
group of series-connected PV modules, to protect the modules from the effect of the
potential difference between series-connected strings [104] as shown in Fig. 10 (a).
Although only one MPP is exhibited on the P–V characteristic curve in the presence of
uniform insolation, multiple local MPPs can be exhibited because of the bypass and
blocking diodes when partial shading condition (PCS) appears as shown in Fig. 10 (c).
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Figure 10. Characteristics of a PV array under partially shaded conditions. (a) PV array
configuration. (b) I–V characteristics. (c) P –V characteristics [104] .
D. Conclusion
This chapter describes the operating principle of PV cells and the main ways in which
the PV modules and arrays are modeled. PV cells demonstrate nonlinear current-voltage
(I-V) and power-voltage (P-V) characteristics and there are some important points, such
as short circuit current (0, ISC), maximum power point (Vmp , Imp ), and open circuit
voltage (VOC , 0) which needs to be carefully considered when modelling the PV cells.
The purpose of this chapter is to explore the construction, operating principle
characteristics of the PV cells.
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III.

PV SYSTEM MODELING AND SIMULATION

PV modeling is related to the determination of the characteristic curves (P-V and I-V
curve) under different weather conditions to follow the real solar cell [105]. There are
different types of PV modeling available in the literature; the simplest one is the basic
single diode model. The equivalent electrical circuitry of a PV cell is shown in Fig. 11, in
which the simplest single diode is represented by a constant current source in antiparallel
with a diode, and the non-idealities are represented by the insertion of the resistances Rs
(series resistance) and RP (parallel resistance) [106]. The model requires five parameters
to completely characterize the I–V curve, namely short-circuit current (Isc), open circuit
voltage (Voc), diode ideality factor (a), series resistance (Rs) and parallel resistance (RP)
[107]. In the single diode model, recombination loss in the depletion region is neglected;
however, the presence of this particular loss is substantial in practical case [108][109].
Considering this loss, a more accurate two diode model is proposed in [110][111].
Introducing second diode in the PV model incurs the burden of determining another
parameter. The equivalent circuit of two diode model is shown in Fig. 12. The accurate
modeling of the PV cell is a vast area of research and it is beyond the scope of this
particular dissertation.

+

Figure 11. Single diode model of a PV cell [17].
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Id1

Id2

+

Figure 12. Two diode model of a PV cell [17].

The single diode model shown in Fig. 11 is employed to simulate the PV cell in this
dissertation and equation (1) is the solar cell current equation for this model.

  V  RS I   V  RS I
  1 
I  I PV ,cell  I 0,cell e
V
a
RP
t
 
 

(1)

where V and I represent the PV cell output voltage and current, respectively. Vt=kT/q is
the thermal voltage of the diode, RS and RP are the equivalent series and shunt resistances
of the cell, respectively. q is the electron charge (1.6 × 10-19 C); IPV,cell is the light
generated current, I0,cell is the reverse saturation current, a is the ideality factor of the
diode, k is Boltzmann constant 1.38 × 10-23 JK-1, and T is the temperature (in Kelvin).
A. Modeling of a PV module
Since PV arrays are composed of large numbers of solar cells, it is impractical to
simulate all the cells individually in a PV array. Manufacturer of the solar panel provides
modules rather than the solar cell and these solar cells sustain the same characteristic.
Therefore, the solar module can be considered as the building block for the large PV
array. The basic equation represented by the equation (1) requires some modifications to
represent it as the solar module equation [98].
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(2)

where VPV and IPV represent the PV module output voltage and current, respectively.
Vt=Ns kT/q is the thermal voltage of the module with Ns cells connected in series, RS and
RP are the equivalent series and shunt resistances of the module, respectively. The lightgenerated current IPV depends on the irradiance and temperature, which can be
represented by the following equation [98]:

I PV  ( I PV ,n  K I T )

G
Gn

(3)

where IPV,n is the light-generated current of the module at nominal temperature and
irradiation (usually 250 C and 1000 W/m-2), ΔT is the difference between actual and
nominal temperature, KI is the short-circuit current temperature coefficient, G and Gn are
actual and nominal irradiation, respectively. In this dissertation, the equation employed
for saturation current I0 [98] is:
I0 

I SC,n  K I T
e(q(VOC ,n  K V T ) / Vt a)  1

(4)

where ISC,n and VOC,n are the short circuit current and open circuit voltage of the module
at nominal condition, respectively, and KV is the open circuit voltage temperature
coefficient.
B. Matlab Simulation of PV module
The mathematical model of the PV module is implemented in the MATLAB/Simulink
Software. The reason for choosing the MATLAB/Simulink simulation environment is
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that it has an excellent SimPowerSystems toolbox, which has a great facility to interface
the modeled PV system with the conventional power, electrical and control systems.
This dissertation implements the equivalent circuit model shown in Fig. 11. Although
two-diode simulation methods are mentioned in [98], a circuit model exploiting one
current source (Im) with two resistors is used which is shown in Fig. 13.

I

RS

-+

Im

I

  V  RS I  
  1
I PV  I 0 exp
  Vt a  

Ipv
I0

Figure 13. Modeling circuit of PV module [98].
The circuit described in Fig. 13 is implemented in MATLAB/Simulink. It is seen from
the above model that V, I, Ipv and I0 are employed to compute the model current Im. Ipv and
I0 are calculated from the equations (3) and (4) respectively.
Although some parameters are provided by the manufacturer of the solar cell,
however, two parameters such as Rs and Rp are still unknown. These two parameters are
very important parameter to design a solar module correctly. Authors in [98] employed
an iterative technique to determine the values of Rs and Rp. In this dissertation, the
KC200GT PV module [112] data specifications are employed to design the PV model.
Table 1 represents the data of KC200GT PV module at standard weather condition (250C,
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AM 1.5 and 1000 W/m2). The values of Rs and Rp are 0.221 ohm and 415.405 ohm,
respectively, and they are taken from [98].

Table 1. Parameters of the KC200GT Solar module at 250C, 1000 W/m2.
Peak Power (Pmax)

200 W

Voltage at maximum power Vmax

26.3 V

Current at maximum power Imax

7.61A

Number of solar cells per Module NS

54

Open Circuit Voltage (VOC)

32.9

Short Circuit Current (ISC)

8.21A

Temperature Coefficient of ISC, KI

0.0032 A/K

Temperature Coefficient of VOC, KV

-0.1230 V/K

Rs

+

I

+ i
-

1

I_PV

+

1000

Irradiance
Ipv

298

298

T

54

Ns

1.3

a

s

-

I
V

Rp

+
v
-

Im

2

Ipv

Tepmerature

Io

Calculation Im

Calculation of Ipv
using equation (3)
8.21

Iscn

298

T

1.3

a

32.9

Von

54

Ns

Io

Calculation of Saturation
Current I0 using equation (4)

Figure 14. MATLAB/Simulink model for PV module.
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From the above simulation model, it is seen that the Im is computed from Ipv, I0, the
feedback voltage (V) and current (I). The PV characteristics curves for this model are
presented in Figs. 15, 16, 17, and 18. It is evident from the I-V curves represented in
Fig.15 that the magnitude of the PV module current is mostly affected by the irradiance
change; however, the change of voltage is not that much noticeable with the irradiance
change. The change of temperature causes the noticeable change of the voltage, i.e.,
voltage decreases incrementally with the temperature; however, the change of current is
not prominent with the change of temperature [98]. The change of PV power with
constant temperature and variable irradiance is presented in Fig. 16. Fig.18 represents the
change of PV power with variable temperature and constant irradiance.

Figure 15. I-V curves of the KC200GT PV module at 250 C temperature and different
irradiance conditions.
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Figure 16. P-V curves of the KC200GT PV module at 250 C temperature and different
irradiance conditions.

Figure 17. I-V curves of the KC200GT PV module at 1000 W/m2 irradiance and different
temperature conditions.
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Figure 18. P-V curves of the KC200GT PV module at 1000 W/m2 irradiance and
different temperature conditions.
C. Large PV arrays
A large PV array is composed of several PV modules connected in series-parallel
combination to obtain large-scale power. PV array can be designed by inserting the
equivalent open-circuit voltage and short-circuit current in the previously designed model
of PV module. This section is devoted to explain the procedure of modeling of the large
PV array from the PV modules. In order to simulate the PV array, which is composed of
several identical PV modules, the following circuit [113] was implemented in this
dissertation.
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Figure 19. Circuit model of a NPAR× NSER PV array.
For a PV array which is composed of NPAR× NSER PV modules, the following equation
is applicable [113].
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(5)

where IPV, I0, RS, RP, and Vt are parameters of individual modules. Figure 20 represents the
I-V and P-V characteristics of the designed PV array and it is evident from the figure19
that it has 0.5MW peak power rating. In this manner, a large PV plant can be modeled.
Table 2 represents the parameters of the 0.5 MW PV array model.
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Figure 20. I-V and P-V characteristics of the PV 0.5MW PV array.
Table 2. Parameters of 0.5MW PV plant (KC200GT solar module is used).
Symbol
Description
Pmax
Plant Peak Power
Vmax
Voltage at maximum power
Module short circuit current at nominal condition
ISC,n
VOC,n Module open circuit voltage at nominal condition
NS
Number of series cells in a module
Nser
Number of series modules in a plant
Npar
Number of parallel modules in a plant
RS
Series resistance of a PV module
RP
Parallel resistance of a PV module
a
Ideality factor
KI
Current temperature coefficient
KV
Voltage temperature coefficient
Tn
Nominal temperature
T
Actual temperature
G
Solar irradiance level
Gn
Nominal irradiance
Boltzmann constant
k
electron charge
q
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Value
0.5MW
658.85V
8.214 A
32.9 V
54
25
100
0.221 Ω
415.405Ω
1.3
0.0032 A/K
-0.1230 V/K
298 K

1000 W/m2
1.38 × 10-23 JK-1
1.6 × 10−19 C

D. Modeling of Grid-Connected PV System
Normally, a grid connected PV system consists of a PV array, a maximum power point
tracking technique (MPPT) which is employed to extract the maximum power from the
PV array, an inverter to integrate the PV power to the grid. All the protection schemes
required to protect the PV array is mounted there. The MPPT techniques are sometime
employed on dc-dc converter or to the inverter.
Fig. 21 represents the schematic diagram of the grid connected 0.5 MW (peak) PV
plant. The PV plant is connected through the DC/DC boost converter and then a DC/AC
inverter is employed to dispatch the AC power to the grid. The inverter is capable of
maintaining constant 1kV DC voltage at the DC link. Finally a 0.420 kV/ 11kV
transformer (delta-way) is employed to integrate the generated PV power to the grid. Fig.
22 represents the responses of the PV power, voltage measured at the immediate PV
terminal, and duty cycle applied to the boost converter with variable irradiance profile. It
is seen from Fig. 22 that when the irradiance level is 1000 W/m2, the PV plant is
delivering 0.5 MW power to the grid. However, when the irradiance level goes down to
250 W/m2, it is delivering about 0.115 MW power. The duty cycle is varied by the MPPT
technique to extract the maximum power at different irradiance levels.

Figure 21. Schematic of grid connected system.
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Figure 22. Responses of the 0.5 MW peak PV plant with variable irradiance.
IV.

MAXIMUM POWER POINT TRACKER (MPPT)

PV system depicts nonlinear P-V characteristics and it has only one maximum
operation point or maximum power point (MPP) for a particular environmental condition.
The PV arrays operating other than this particular MPP might be accompanied with
substantial and sustained power loss. In order to maximize the overall efficiency of the
PV generator, an MPPT technique which is capable of extracting the maximum power
from the PV generator needs to implement with PV energy harvester.
A large number of MPPT techniques are available in the literature [16]. Different
MPPT techniques have different features considering cost, complexity, sensor required
and tracking speed, and it is very confusing which techniques are suitable for particular
applications. In this dissertation, the MPPT technique is employed to the DC/DC boost
converter. The PV system and the DC link are connected to the input and output of the
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boost converter, respectively. Some most common MPPT techniques are described
below:
A. Perturb and Observe (P&O) Method
Different techniques are employed to address the issue of MPPT techniques, however,
for low cost and ease of commercial implementation, the perturb and observe (P&O)
MPPT algorithm is commonly exploited [114]. This is a simple method and it does not
require previous knowledge of the PV generator characteristics or the measurement of
solar intensity and cell temperature and also easy to implement with analogue and digital
circuits [115]. The P&O algorithm perturbs (increasing or decreasing the control
parameter by a small amount) the operating point in a particular direction and measures
the power. The measured power after the perturbation is compared with the power before
the perturbation. As shown in Fig. 23, if the power increases, i.e. change of power in the
same direction (dP/dV>0), then the algorithm also maintains the perturbation in the same
direction. However, if the change of power in opposite direction (dP/dV<0), the
algorithm perturbs the system in the opposite direction. A P&O based controller causes
the PV voltage take the sequence of values V(k) [116] as follows:

V (k  1)  V (k )  (k  1); Pk  Pk 1

(6)

V (k  1)  V (k )  (k  1); Pk  Pk 1

(7)

Where, Δ is the P&O step size, and V(k) and P(k) denote the panel output voltage and
measured power sequences, respectively.
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Figure 23. Perturb and Observe (P&O) Method.

B. Fractional Open-Circuit Voltage (FOCV) Method
In fractional open-circuit voltage method [117], the cell voltage (Vm) corresponding to
the maximum power exhibits a linear relationship with cell open circuit voltage (Voc) as
follows:

Vm  k1Voc

(8)

The above relationship is independent of panel configuration, and the constant k1 is
called the voltage factor which is equal to 0.71 for the silicon panel [117]. Despite of
being a simple method, momentarily opening the load from the PV panel to measure Voc
incurs the power loss. In [118], an unloaded pilot PV panel, with characteristics similar to
those of the main PV panel and installed under similar conditions, is used to measure the
open circuit voltage.
C. Fractional Short-Circuit Current-Based Method
This method is based on the fact that the MPP operating current, Im is proportional to
the short-circuit current, Isc under various irradiance conditions as follows [119].
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I m  k2 I sc

(9)

Where k2 is the proportionality constant and equation (15) represents that Im can be
determined instantaneously by detecting Isc and that the MPPT can be achieved by giving
a current command to a current-controlled power converter [119].
D. Fuzzy logic controlled (FLC) based MPPT
Fuzzy logic controller is a simple nonlinear controller. This controller does not require
mathematical modeling of the plant to be controlled. Since the PV is a highly nonlinear
system, FLC is used for tracking the MPP for many PV applications [120]. The design of
a fuzzy logic controller requires four basic operations: I) fuzzification II) rule base, III)
inference engine and IV) defuzzification procedure. During fuzzification, appropriate
membership functions are found out to describe crisp data as shown in Fig. 24. Four
fuzzy levels such as PB (positive big), PS (positive small), NS (negative small) and NB
(negative big) are used in this case. x and y are the range of values of numerical variable
in the Fig. 24. All the inputs and outputs of the FLC require this type of membership
function.

Figure 24. Membership functions [121].
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Table 3. Fuzzy Rule Table [120].

Most of the cases two inputs and one output are used in FLC. Two inputs considered in
[120] are

E (k ) 

P(k )  P(k  1)
I (k )  I (k  1)

CE(k )  E(k )  E(k  1)

(10)

(11)

Fuzzy rule based table as shown in Table 3 is needed to be formed where all the entries
are fuzzy sets of error E(k), change of error CE(k), and change of duty ratio dD to the
boost converter [120]. dD is different for different combination of E(k) and CE(k) and is
defined depending on the converter used and the experience of the operator. The
defuzzification stage of FLC deals with transformation of linguistic variable to the
realistic value to drive the power converter. Therefore, it is seen that the FLC has been
exploited extensively for MPP tracking.
E. Incremental Conductance (INC) Method
Among all the MPPT strategies, the incremental conductance (INC) algorithm is
widely used due to the high tracking accuracy at steady state and good adaptability to the
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rapidly changing atmospheric conditions [121]. For this dissertation, the incremental
conductance (INC) with a simple PI controller [106] is employed as MPPT technique.
The basic idea of incremental conductance method is that, the slope of the PV array
power versus voltage curve is zero at the MPP [121], positive on the left of the MPP, and
negative on the right. This can be rewritten as
dP/dV =0, at MPP

(12)

dP/dV >0, to the left of the MPP

(13)

dP/dV <0, to the right of the MPP

(14)

The above relations can be further written in terms of PV system voltage and current by
dP/dV = d(IV)/dV=I+V dI/dV

(15)

According to (12), (13) and (14), the solution of (15) can be written as

ΔI/ ΔV = -I/V at MPP

(16)

ΔI/ΔV> -I/V, to the left of the MPP

(17)

ΔI/ΔV< -I/V to the right of the MPP

(18)

Therefore, the MPP can be tracked by comparing incremental (ΔI/ΔV) conductance
with instantaneous conductance (I/V). The flowchart of the INC MPPT is depicted in Fig.
25.
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Figure 25. Flowchart of INC method [122] .
F. Conclusion
As has been discussed in Chapter 2, PV array demonstrates nonlinear characteristics
and there is a unique operating point which corresponds to the maximum power point
(MPP). This chapter provides the description about the major MPPT techniques. The
MPPT is an important consideration in the operation of a photovoltaic system.
Understanding the MPPT operation for the PV system gives a clear perspective to design
a non-MPPT mode operating condition for the grid-connected PV system during grid
disturbance.
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V.

STATISTICAL ANALYSIS OF RAMP-RATES OF SOLAR PHOTOVOLTAIC
SYSTEM CONNECTED TO GRID

Penetration of Photovoltaic (PV) power to the grid is increasing very rapidly. Ramp
rate (RR) of the PV power is important to determine the capacity of the energy storage
for dispatching smoothed PV power to the grid. This chapter focuses on determination of
ramp rate (RR) of the PV generated power due to irradiance and temperature fluctuation.
In order to investigate the smoothing effect of geographically distributed PV stations,
global horizontal irradiance (GHI) and temperature (0C) with 5 min resolution at four
sites across the Colorado State were converted to PV power by proper design of 0.5MW
grid-connected PV plant. The ramp rates (RRs) of the stations are calculated by
exploiting the moving average. Smoothing effect of geographically distributed PV
stations is shown by comparing the histogram of the RRs of the sites. Also the cumulative
distribution functions (CDF) are employed for this analysis. The Pearson correlation of
PV power of each of the sites increases with geographic proximity of the sites.
A. Data Collection
Irradiance and temperature data for this study were collected from the National
Renewable Energy Laboratory’s (NREL) Measurement and Instrumentation Data Center
(MIDC) [123]. Like [124], these data measuring stations are selected for their proximity
to each other and they are suitable for grid integration as the source of photovoltaic (PV)
energy. Four sites are the National Wind Technology Center (NWTC), the NREL Solar
Radiation Research Laboratory (SRRL), the South Park Mountain Data (SPMD), and the
Xcel Energy Comache Station (XCEL) [124]. The distances between irradiance
measuring stations are shown in Table 4.
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Table 4. Distance between Data Measuring Stations.
From

To

Distance

NWTC

SRRL

19 km

NWTC

SPMD

78 km

NWTC

XCEL

197 km

SRRL

SPMD

65 km

SRRL

XCEL

178 km

SPMD

XCEL

149 km

Figure 26. GHI profile of March 10, 2008 at different sites [124].
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Figure 27. Temperature profile of March 10, 2008 at different site [124].

There are different time-resolutions data which are available in the stations. NWTC,
SRRL, XCEL have 1 min resolution irradiance and temperature data whereas for SPMD
has 5min resolution data. For making the irradiance and temperature data measurement at
the same time step, data which are measured at 5 min interval are selected for this study.
The irradiance (GHI) and temperature data of March 10, 2008 are employed and this date
is selected randomly.
Figs. 26 and 27 illustrate the GHI and temperature profiles, respectively, for different
sites. To demonstrate the smoothing effect of geographic dispersion, another virtual
station which is the average of the four stations is considered. The bold black line in Fig.
26 is the GHI profile for the fifth virtual station which exhibits the smoothing effect.
B. Modeling of 0.5 MW grid-connected PV system for the ramp-rate analysis
Figure 28 represents a model of a grid-connected 0.5MW PV plant which is simulated
by Matlab/Simulink software in order to extract the PV generated power from the
irradiance and temperature. The mathematical modeling of the PV system has already
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discussed in Chapter 2. Irradiance and temperature data from four sites are passed
through the model to simulate the four different PV plants. The PV system is capable of
delivering the 0.5 MW peak power at 1000 W/m2 irradiance and 250C temperature.
Figure 29 is the power profiles of different sites which are generated by the complete
grid-connected PV model employing the temperature and irradiance profile.

Figure 28. Schematic of grid connected system.

Figure 29. Generated power from irradiance and temperature of March10, 2008 at
different sites.
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C. Calculation of Expected Clear-Sky Irradiance and Ramp Rate (RR)
For transmission system operators and the utilities, the ramp rates (RRs) in the power
profile for different renewable energy sources are the major concerns. Since the average
solar and wind power can be predicted properly (about 10% or less error) for the next
hour [125], hence, an optimal design of energy storage is possible if RRs can be
calculated. The probability density function (pdf) or histogram can be employed to
compare the probabilities of different RR for the individual sites and the average of all
four sites.

(a)

(b)
Figure 30. Comparison of power profile (a) CSP and SRRL (b) CSP and virtual station.
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Expected clear-sky power (CSP) was calculated using the moving average of the
power of the fifth virtual station in this study. Since the virtual station is the average of
the four stations, the power profile is already smoother than the rest of the stations. After
taking the moving average of the power profile of the virtual station, even better
smoother power curve has been resulted. The equation employed for the moving average:
1
CSP(t ) 
2T

t T

 X (t )dt

(19)

t T

A time window of 95 min is employed to determine the moving average. This is
assumed as the expected clear-sky power (CSP). Later, the CSP was employed to
calculate the RRs. The RRs were calculated as the difference between successive data
points over 5 min, using the equation:

RR=[P(t)-CSP(t)-P(t-5min)+CSP(t-5min)]/5min

(20)

The unit of RR is kW/min. Figure 30 illustrates the comparison of CSP with the power
of SRRL and virtual stations and it is evident that the profile of the CSP is smoother than
the power profiles of both the stations. Table 6 represents the 5 min RR statistic of the
stations. It is seen from the table that the SRRL had the largest average RR with a
magnitude of 2.3888 kW/min, whereas the virtual station had the smallest magnitude of
1.0898 kW/min. The maximum RR was smallest in the case of virtual station which was
expected. The standard deviation of the RR is smallest in the case of virtual station which
is evident in Table 5. Smaller RRs result in a smoother curve.
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Table 5. RR Statistic for the station.

SRRL
NWTC
SPMD
XCEL
Virtual
Station

Mean (|RR|)
(kW/min)

Max (|RR|)
(kW/min)

Std (RR)
(kW/min)

2.3888
1.9475
1.4985
1.5508
1.0898

17.1585
11.7928
8.0286
23.6800
5.6074

4.0269
2.9899
2.0945
3.1958
1.5868

The histogram plots of RRs for different sites are shown in Fig. 31, Fig. 32, Fig.33, Fig.
34 and Fig. 35, respectively. From the histogram plots, it is evident that the histogram of
SRRL is the widest, indicating higher probabilities of large RRs, and it complies with the
large standard deviations found in Table 6. The virtual station is the least likely to have a
large RR.

Figure 31. Histogram of the RRs of SRRL Station.
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Figure 32. Histogram of the RRs of NWTC Station.

Figure 33. Histogram of the RRs of SPMD Station.
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Figure 34. Histogram of the RRs of XCEL Station.

Figure 35. Histogram of the RRs of Virtual Station.

Figure 36 represents the cumulative distribution function (cdf) of the RR (absolute
value) for each site. It is discernable from the cdf plot that, someone can determine the
probability of RRs greater than a threshold value, which is depicted by the horizontal blue
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line. For the virtual station (avg. of 4 stations), there is a 90% chance that RRs will be
smaller in magnitude than 2.9 KWmin-1. For SPMD station, the chance of ramp rate greater
than 3.4 KWmin-1 is 10%.

Figure 36. Cumulative probability density function (cdf) of the absolute value of RRs of
different stations.
D. Correlation Coefficient of PV Power
After discussing the power variability in terms of ramp rate at each site, this section is
devoted to compare the sites to one another to see if geographic dispersion can mitigate
solar variability. The Pearson correlation of PV power for each of the sites increases with
geographic proximity of the sites, as shown in Table 6. The strong correlation between
NWTC and SRRL signifies that they are spatially close to each other. On the other hand,
the XCEL and SPMD stations power show smaller correlations to the other two stations.
The prime reason for that they are situated in a lonng spatial distance from each other.
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Table 6. RR Statistic for the station.
SRRL
SRRL X
NWTC 0.9150
SPMD 0.7089
XCEL 0.7728

NWTC
0.9150
X
0.7741
0.8510

SPMD
0.7089
0.7741
X
0.7245

XCEL
0.7728
0.8510
0.7245
X

E. Conclusion
This chapter focuses on determination of RR of the PV generated power due to
irradiance and temperature fluctuation. The PV power from four different stations is
analyzed. RRs and Pearson correlation of PV generated power of each station are
calculated and compared with the virtual station. Based on results, the following points are
noteworthy.
a) Smoothing of PV power fluctuation is possible by geographically distributed PV
stations.
b) Large values of RRs cause the PV power more fluctuating.
c) Integration of geographically distributed PV stations reduces the RRs.
d) PV power data of the stations become uncorrelated as the distance between them
increases.
e) The more the solar data become uncorrelated, the more smoothing effect will be
appeared in PV power.
f)

The analysis shows that the RR and PV power fluctuation is reduced after
averaging the generated power of four stations. Also, statistical analysis of RR is
advantageous in understanding the extent of variability of PV power. This chapter
focuses on determination of ramp rate (RR) of the PV generated power due to
irradiance and temperature fluctuation.
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VI.

FUZZY LOGIC CONTROLLED POWER BALANCING FOR LOW VOLTAGE
RIDE-THROUGH CAPABILITY ENHANCEMENT OF LARGE-SCALE GRIGCONNECTED PLANT
Large-scale grid-connected photovoltaic plants are proliferating day by day and power

system operators are imposing strict grid code. This chapter discusses an advanced
control methodology to enhance the low-voltage ride-through (LVRT) capability of a
large-scale two-stage grid-connected photovoltaic (PV) plants. The inverter of the threephase grid-connected PV system should insert the reactive power according to the LVRT
regulations without exceeding the maximum current rating during the grid fault. Both
active and reactive power control schemes are incorporated according to the recent grid
code. Since a PV system is nonlinear in nature, a fuzzy logic controller (FLC) has been
implemented for the active power insertion to the grid considering the severity of grid
voltage dip. The effectiveness of the proposed methodology in improving the LVRT of
the grid-connected PV system is verified by applying both balanced and unbalanced
faults in the network. Also, the performance of the proposed method is compared with
that of the DC-chopper-based LVRT strategy.
Fig.37 shows the grid-codes which are imposed by different countries and gridconnected PV system must sustain the voltage profiles as indicated in the Fig.37 (a).
Also, German grid code requires supplying reactive current to the grid during voltage sag
as shown in Fig.37 (b). A nominal level of reactive current must be inserted to the grid
for dynamic voltage support during the voltage dip in the Grid Code of Great Britain
[126] and Denmark [32].
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(a)

(b)
Figure 37. Grid code requirement for low voltage ride through: (a) voltage requirement,
(b) reactive current requirement.
The penetration of PV to the grid renders to a nonlinear system, where these
nonlinearities are incurred by intermittent behaviour of solar intensity, and the switching
phenomena of the inverters and power converters [7]. Hence, the widely employed
nonlinear controllers such as fuzzy controller, adaptive-network-based fuzzy inference
system (ANFIS) or static nonlinear controller can be designed for dealing with the
nonlinear systems. The fuzzy logic is a powerful tool that has prevalent applications in
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embedded control systems and information processing [19-20]. It is capable of providing
definite conclusions in a very simple way from vague or ambiguous information. It works
well for any nonlinear and uncertain situations.
This chapter presents a fuzzy logic controller (FLC) for the DC/DC boost converter to
control the active power insertion along with voltage source inverter (VSI) control
scheme for reactive power support during the voltage sag at grid without incurring
additional device. The voltage deviation at the PCC is utilized as the input of the
proposed fuzzy logic controller and the duty ratio to drive the DC/DC boost converter is
generated for injecting proper active power during grid fault. The advantage of using the
voltage deviation as the input of the controller is that it defines the severity of the grid
disturbance and accordingly the active power is inserted. If the magnitude of the voltage
sag at the PCC is large, then the FLC controller injects low active power with the
insertion of required reactive power according to the E.ON grid-code for dynamic voltage
support. The power balancing is achieved in this manner which eventually prevents the
sudden rise in intermediate DC link voltage and also limits the transient fault current.
In order to see the effectiveness of the proposed LVRT capability scheme, its
performance is compared with that of the conventional DC chopper circuit-based LVRT
schemes[34],[127]. For DC chopper based scheme, a resistor with a switch is connected
across the intermediate DC-link to consume the extra power during the grid voltage sag
to achieve the power balance between the DC and AC side of the VSI. The effectiveness
of the proposed LVRT strategy is demonstrated through a test system consisting of a twostage three-phase 3MW PV source connected to an infinite bus through a transformer.
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A. Model System
This work employed a two-stage PV power system model as shown Fig. 38, which has
prevalent application in utility-scale PV system because of its decoupled active and
reactive power control strategy and modular design[128], [129]. It consists of a PV array,
the DC/DC converter with maximum power point tracker (MPPT) mounted on it for
extracting optimum PV generated power, an intermediate DC link, a grid-side converter
for DC to AC conversion and the filter for mitigating harmonic injection, as shown in
Fig.38. Finally, a 1.5kV/25kV transformer (delta-wye) is used to integrate the generated
PV power to the grid. Power generation of the PV array is affected by the irradiance and
the temperature deviation from the standard test condition (STC), and the STC defined by
the irradiance of 1000 W/m2 and the solar cell temperature of 250C. The function of the
DC to AC inverter is to dispatch the PV generated power to the grid after converting it to
ac power. It also maintains a constant DC link voltage and the unity power factor during
the normal operation. The duty cycle of the boost converter is controlled by the MPPT
controller to ensure maximum power injection to the intermediate DC link. The active
power generated by the PV array and the proper delivery of this generated power by the
inverter controls the DC link voltage variation.
Series-parallel combination of PV modules is used to form a large PV array. In this
work, 50 PV modules are connected in series and 300 branches are connected in parallel
to build a PV plant of rated 3MW. The KC200GT practical solar module with maximum
power of 200W, rated voltage and current of 26.3V and 7.61A respectively is employed.
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Figure 38. Grid-connected two-stage three-phase PV systems.
B. DC/DC Boost Converter and the MPPT
Nonisolated DC/DC boost converters are widely employed for the PV system, as the
voltage boosting is required for the utility-scale applications and also for its simplicity
[128],[130]. The DC/DC boost converter is implemented by an average model technique,
since it is compatible with the fast simulation and also the harmonic distortion due to
converter switching is not a concern for the system level analysis[128]. In this work, the
MPPT technique is employed to the DC/DC boost converter to extract the available
power from the PV array. MPPT techniques with different topology and features are
available in the literature [16]. For this work, we considered the incremental conductance
(INC) with integral regulator [106]. The implementation of the INC method with an
integral regulator can be represented by Fig. 39(a). The duty cycle generated by this
method is employed as the signal to drive the gate of the DC/DC boost converter.
However, during the grid fault, non-MPPT mode is activated in order to reduce the active
power insertion to the grid, which will eventually allow the inverter to insert reactive
current to provide dynamic voltage support without exceeding the inverter maximum
current limit.
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C. Controlling of Voltage Source Inverter (VSI)
In this work, a three-level, three-phase voltage source inverter (VSI) is employed for
the conversion of DC power to AC power for grid interfacing as shown in Fig.39 (a). The
intermediate DC link capacitor consists of high volume capacitors that work as an energy
buffer. The VSI maintains a constant DC link voltage of 3kV and a power factor of unity.
The control mechanism of the VSI is conducted by two control loops, such as an external
control loop which regulates the DC link voltage and internal control loop which
regulates the active (Id ) and reactive (Iq) grid current components. The VSI control
system employs external voltage regulator for generating IDref reference current for
maintaining constant DC link voltage. During the normal operation, active power
insertion is governed by the MPPT at DC/DC converter and the VSI external voltage
regulator. IQref is set to zero for maintaining the unity power factor at normal operating
condition. The internal current regulators generates the desired direct (Vd) and quadrature
(Vq) axis voltage which are then converted to three modulating voltage to control the
VSI. The phase locked loop (PLL) and abc-dq transformations block are also shown in
Fig.39 (b) and they play an important role for controlling the VSI. The PLL computes the
synchronization phase angle θPLL and help synchronize the d-q reference frame to the
VSI terminal voltage VGabc[128].
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(a)

(b)
Figure 39. Block diagram of (a) MPPT controller (INC with integral regulator), (b) VSI
controller of the studied PV system.
D. Control Strategy during Grid Fault
The occurrence of the grid fault causes the imbalance between PV generated power
and power inserted by the VSI to the grid. Due to this power imbalance, there is a sharp
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rise in intermediate DC link voltage and also an overcurrent at the AC side of the VSI,
which may result in damaging of the power electronic interfaces [35]. The LVRT
capability should be incorporated in the inverter/converter system to reduce the
overcurrent and the overvoltage, so that the PV system stays connected with the grid
during the low voltage period. The control strategies which are adopted in the DC/DC
boost converter and in the VSI during the grid fault are shown in Fig. 39(a) and Fig.
39(b), respectively. During the grid fault, voltage sag is appeared in the PCC and the
MPPT mode is switched to the non-MPPT operating mode. A fuzzy logic controller is
proposed in this work for the proper active power insertion to make the power balance
between both sides of the VSI. Instead of the PV power, the voltage sag at the PCC is
employed as the input of the FLC, and the duty ratio is generated for controlling the
DC/DC boost converter. Also, the same voltage sag is utilized for the insertion of the
reactive power according to the E.ON grid code. The advantage of employing the
voltage sag is that it does not vary as the PV power does.
E. Fault Detection
A fast grid fault detection strategy is utmost important for the proper functioning of the
LVRT strategy. The amplitude or root mean square (RMS) value calculation is adopted
for the fault detection purpose. The decoupled double synchronous reference frame
(DDSRF)[131], synchronous reference frame with low pass filter (LSRF)[132], moving
average filter (MAF)[133] or enhanced phase locked loop is employed for the
augmentation of the performance of the amplitude calculation[134]. The synchronous
reference with low pass filter is exploited for this work that utilizes the point of common
coupling (PCC) voltage. The operating condition of the LVRT mode or normal mode is
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determined by fault detection mechanism. The PCC voltage is compared with the
reference voltage, which is set at 0.9 pu to detect the fault condition.
F. Reactive Power Allocation for Voltage Support
The issue of injecting the reactive power during LVRT is normally addressed by four
major schemes such as: a) constant active power supply, b) unity power factor control, c)
positive and sequence control scheme and d) constant reactive control scheme for three
phase PV system [135]-[136]. In the low voltage sag condition, according to the E.ON
grid code as shown in fig. 37(b), the reactive current injected to the grid is given as[26]:

 0,
Iq 
 k  kVg ,
In 
 1,

0.9 p.u V g 1.1 p.u
0.5 p.u V g 0.9 p.u

(21)

V g 0.5 p.u

Where, the value of k is 2 and Vg is the PCC voltage, Iq is the reference reactive current
and In is the rated inverter current. From the above equation (21), the reference reactive
current can be determined. According to the E.ON grid code, the VSI should insert full
reactive current when grid voltage drops down to 0.5 p.u. During the healthy condition,
the VSI provides zero reactive current to maintain unity power factor.
G. Design of a Fuzzy Logic Controller for the Boost Converter
The issue of overvoltage and overcurrent can be mitigated by controlling or reducing
the active power flow from the PV array during the grid fault. The PV power flowing to
the grid can be controlled by controlling the duty ratio of DC/DC boost converter. Hence,
a controller can be adopted to sense the PCC voltage sag and adjust the duty ratio to
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control the PV power flow to the grid. A fuzzy logic controller can be adopted for this
purpose, since it has the capability of handling uncertainty, imprecision, or stochastic
nature of input parameters along with the opportunity to exploit expert knowledge in
designing of the control rules. A fuzzy logic emulates the human decision making, which
is capable of working with approximate data and, hence finding the precise solutions. A
FLC is based on the IF-THEN rules, and it is effective when the mathematical modeling
is difficult to implement [137]. The design of the proposed FLC is described below.
a. Fuzzification
For designing the FLC, the voltage deviation at PCC (∆VPCC) is employed as inputs
and the duty cycle (d) for switching the DC/DC boost converter is used as the output.
Triangular membership functions for inputs are shown in fig. 40. The linguistic variables
denoted as NB, NS, ZO, PS and PB stand for negative big, negative small, zero, positive
small and positive big, respectively. The membership functions of the PCC voltage
deviation is adopted by the trial and error method to obtain better system performance.
The equation of the triangular membership function employed to determine the grade of
membership values

 Ai (VPCC )

is given by [138]:

1
 Ai (VPCC )  (b  2 | VPCC  a |)
b

(22)

where ∆VPCC is the input to the FLC, ‘a’ represents the coordinate of the point at which
the grade of membership is 1 and ‘b’ is the width of MFs.
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Figure 40. Membership function of the fuzzy logic controller.
b. Fuzzy Rule Base
It is the heart of a FLC, since the control scheme used to conduct the closed loop
system is stored as bunch of control rules. Also, the notable feature of the adopted FLC is
its simple structure with single input and single output variable and exploitation of singleinput and single-output (SISO) makes the FLC very straightforward [93]. Fuzzy rules that
generate the duty cycle for inserting appropriate PV generated power to the intermediate
DC link are implemented by trial and error. The proposed FLC for controlling the PV
power flow employs only five control rules which are formed by considering the practical
system operation and by trial and error, and are shown in Table 7:

Table 7. Fuzzy rule table.
∆VPCC
NB
NS
ZO
PS
PB

d
0.20
0.50
0.80
1.00
1.00

c. Fuzzy Inference
The basic operating principle of the inference engine is that it derives a conclusion in a
logical manner from the evidence or data. Actually inference engine emulate as a
program which employs the rule base and controller input data to draw a definite
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conclusion. Mamdani’s method has been used for the inference mechanism while
designing the proposed fuzzy controller. A fuzzy rule with the typical IF-THEN format
can be defined by:
If ∆VPCC is Ai, then Z1= di, i=1,2,….., n

(23)

Where ∆VPCC represents the fuzzy input variables, Z1 is the output variable, i is the rule
number and n denotes total number of rules. Ai, and di represent the fuzzy subset in the
universe of discourses ∆VPCC and Z, respectively. According to the Mamdani’s method,
each fuzzy rule with the degree of conformity (Wi) is given by[138]:

Wi   Ai (VPCC )
Where

 Ai (VPCC )

(24)

is the value of grade of membership and i is the rule number.

d. Defuzzification
In the last step, the output crispy values (duty cycle, D) are determined by simple
defuzzification method called centre-of-area, which is defined by [138]:

D  Wi d i / Wi

(25)

where di represents the value D which is expressed in terms of linguistic variable in
the fuzzy rule table.

61

Figure 41. LVRT scheme with DC chopper.
H. DC-Chopper-Based Protection Scheme
In this work, in order to evaluate the performance of the proposed LVRT enhancement
scheme, a DC-chopper based LVRT strategy is considered and compared with the
proposed scheme. A braking resistor or DC-chopper is connected in parallel with the
intermediate DC link as shown in Fig. 41. During the grid voltage sag the additional
active power is dissipated at the DC chopper, which permits required reactive power
insertion without exceeding the inverter current limit and prevents the inverter from
tripping. It helps protect the intermediate DC link by limiting the abrupt rise of DC link
voltage.
I. Simulation Result and Discussion
In this work, simulations are performed by using the Matlab/Simulink software.
Effectiveness of the proposed scheme is verified under both high and low irradiance
profiles. Simulations have been carried out considering both balanced (3LG: three-phaseto-ground) and unbalanced [2LG (two-phase-to-ground) and (1LG: single-line-toground)] faults at the grid-side. The fault is considered to occur at 1.9 sec; the breakers of
the lines are opened at 2.0 sec (5 cycles) and reclosed at 3.0 sec (50 cycles). A simulation
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time of 4sec with 20µs time step is considered. Simulations are conducted for the
following three cases:
1) Case 1: without any auxiliary controller
2) Case 2: with proposed strategy
3) Case 3: with DC chopper

(a)

(b)

(d)

(c)

Figure 42. Comparative simulation results for 3LG fault during high irradiance level of
1000 W/m2: (a) fault Current at the primary of the grid interfacing transformer, (b)
intermediate DC-link voltage (c) PV active power delivered to grid and (d) reactive
current.
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a) LVRT Improvement by Proposed Scheme During 3LG Fault
Figs. 42 and 43 show the comparative time domain simulation result under the 3LG
and 1LG fault, respectively, considering the high irradiance level of 1000 W/m2. For the
clear perspective, the enlarged version of the figures is also presented. During the 3LG
fault, the PCC voltage drops down to near zero at 1.9 sec and stays at that level for
100ms. For the 3LG fault, it can be seen from the Fig. 42 that the proposed strategy can
suppress the transient current (Fig. 42(a)) and intermediate DC link voltage (Fig. 42(b))
in a significant amount as compared to the DC chopper protection scheme. Suppression
of the transient current will allow using of lower rating circuit breaker. According to the
grid code, the PV system should inject 100% reactive current when the PCC voltage goes
below 50% of the nominal voltage, and from the Fig.42(c) it is evident that the VSI
injects 100% reactive current since the ratio of reactive current to nominal current (Iq/In)
is 1. The reactive power insertion to the grid by VSI is zero in the cases of DC chopper
scheme or no controller scheme which does not comply with the grid code. Also, the
active power contribution to the grid is zero for all three protection schemes as shown in
Fig.42 (d). Since, the voltage at the PCC drops down to zero for 3LG fault, active power
contribution to the grid is zero for all three cases.
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(a)

(b)

(d)

(c)

Figure 43. Comparative simulation results for 1LG fault during high irradiance level of
1000 W/m2: (a) fault current at the primary of the grid interfacing transformer, (b)
intermediate DC-link voltage (c) reactive current inserted by VSI and (d) PV active
power.
b) LVRT Improvement by Proposed Scheme During 1LG Fault
For 1LG fault, simulation results for the DC link and transient fault current limitation
are shown in Figs. 43(a) and 44(b), respectively. The proposed LVRT scheme is capable
of suppressing both transient current and DC-link voltage in significant amount compared
to the DC chopper or no controller scheme. During 1LG fault, the voltage at the PCC
stays above 50% of the nominal voltage, and the FLC controller allows the PV system to
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deliver the required amount of active power by controlling DC/DC converter. It helps the
VSI to inject the reactive power according to the grid code without exceeding the inverter
maximum current limit. This time the ratio of Iq/In is about 0.68, i.e., 68% of reactive
power is inserted to the grid as shown in Fig.43 (c). Again, the reactive power insertion
by the DC chopper scheme or no controller scheme is zero. As it can be seen from the
Fig. 43(d) that the active power inserted to the grid by the proposed scheme is lower than
that of either the DC chopper scheme or no protection scheme. By inserting low active
power during the 1LG fault, the proposed protection scheme allows the reactive current
to be delivered by the VSI.
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(b)

(a)

(d)

(c)

Figure 44. Comparative simulation results for 3LG fault during low irradiance level of
600 W/m2: (a) fault current at the primary of the grid interfacing transformer, (b)
intermediate DC-link voltage (c) reactive current inserted by VSI and (d) PV active
power delivered to grid.
J. LVRT Analysis during Low Irradiance Condition
The performance of the proposed scheme is evaluated under low irradiance condition.
Comparative simulation results are shown in Fig. 44 with a 3LG fault applied to the grid
side during the irradiance level of 600 W/m2. The fault current in this case is significantly
suppressed as well as the DC link voltage as shown in Fig. 44(a) and Fig.44 (b),
respectively. Since the PCC voltage goes to near zero, there should be 100% reactive
power insertion to the grid by the proposed scheme, which is evident from the reactive
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power plot of Fig. 44(c). Active power profiles during the event of low irradiance fault
are shown in Fig. 44(d).
K. Conclusion
This chapter proposes a LVRT capability enhancement technique of a large scale grid
connected PV system. Both active and reactive power insertion is maintained according
to the E.ON grid code. A fuzzy logic control based active power insertion scheme is
incorporated with the conventional MPPT technique for inserting the active power in a
controlled manner in the case of grid fault situation. The performance of the proposed
scheme is compared with that of the conventional two stages inverter/converter control
and a DC link protection schemes. Based on simulations, the following points are
noteworthy.
a)

Transient rise of the fault current is limited by the proposed strategy.

b) The proposed LVRT scheme is capable of protecting the DC link overvoltage
protection.
c) Reactive current insertion during the low voltage period is utmost important for
dynamic voltage support and the methodology proposed in this work is capable of
providing reactive current during the low voltage period.
d) Undervoltage tripping of a big PV plant can be prevented by the proposed scheme,
since the inverter is capable of providing constant current.
e) By exploiting the FLC based power balancing, the proposed LVRT scheme
performs better than the DC chopper based strategy.

68

VII.

TRANSIENT STABILITY AUGMENTATION BY PARALLEL-RESONANCE
FAULT CURRENT LIMITER

This chapter proposes a parallel-resonance bridge type fault current limiter (PRBFCL)
to augment the transient stability of a hybrid power system consisting of a photovoltaic
(PV) power generation source, a doubly-fed induction generator (DFIG)-based wind
energy system and a synchronous generator (SG). The PRBFCL is designed such a way
that it can provide sufficient damping characteristics to the studied power system. The
effectiveness of the proposed PRBFCL in improving the transient stability and enhancing
the dynamic performance of the hybrid power system is verified by applying both
balanced and unbalanced faults in the power network. By limiting the fault current and
improving the voltage sag at the point of common coupling (PCC), the proposed method
makes the power sources of the hybrid system stable during the grid fault. Both balanced
and unbalanced faults are applied to the most vulnerable point of the network to
demonstrate the effectiveness of the proposed scheme. Also, its performance is compared
with that of the bridge type fault current limiter (BFCL) and the fault ride through (FRT)
schemes, i.e. FRT schemes of PV, DFIG, and with the AVR and governor of
synchronous generator (SG). Some indexes are used to quantify the system performance.
A. Impacts of Grid Fault on Energy Sources (PV, DFIG, and SG)
A three-phase two-stage grid-connected PV system, shown in Fig.45, consists of the
DC/DC converter as the first stage and the DC/AC grid-connected VSI as the second
stage. The overall power flow through the PV system can be defined by:
PPV=PDC2+Pg,
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(26)

Where PDC2 denotes the power flow through the DC-lick capacitor CDC2 of the PV
system, Pg is the power inserted by the inverter to the grid, and PPV is the PV array
output. During the normal operation, the DC power generated by the PV (PPV) is equal to
the AC power delivered to the grid (Pg) if the power electronic converter loss is ignored:
PPV = Pg=3Ug Ig,

(27)

Where Ug and Ig are the nominal RMS value of phase voltage and phase current,
respectively. The power balance makes the PV DC-link voltage constant. However,
during the event of grid-fault, the sudden voltage sag at the PCC reduces the power
inserted to the grid from Pg to Pg_f. Meanwhile, the DC/DC converter continues to insert
the maximum possible PV power into the DC-link. The power imbalance between PPV
and Pg_f will cause the DC link voltage go high sharply. Mathematically, the condition
can be expressed as follows [18]:

( PPV  Pg _ f )t  PDC 2 t 

1
2
2
CDC2 (VDC
2 _ f  VDC 2 )
2

(28)

Where VDC2 and VDC2_f are the amplitudes of the DC-link voltage before and during the
fault, respectively, and ∆t represents the duration of the fault. Exploiting (27) and (28)
and considering Pg_f =3Vf Ig , the DC-link voltage during the fault can be derived as
VDC 2 _ f 

2(PPV  3V f I g )t
CDC2

2
 VDC
2,

(29)

It can be seen from (29), the deeper the voltage sag (Vf goes low during the grid-fault)
and the longer the fault duration are, the larger the rising rate of the PV DC-link voltage
will be. Therefore, without any protection scheme the drop in the PCC voltage during the
fault may cause the over-voltage violation at the DC-link.
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During the network fault, fault current is fed from power sources to the faulty node due
to huge voltage sag at that node which causes very small active power and voltage
generation at the rotating machines (DFIG & SG). That leads the rotating machines of the
system to lack of the equilibrium state and may incur the instability. This situation can be
explained by the swing equation as follows [68]:

2 H d 2
 Pm  Pe
 dt 2

(30)

Where Pm is the input mechanical power, Pe is the output electrical power, δ is the rotor
angle and H is the inertia constant of the machine. From (30), it can be seen that the
stability of the machine can be maintained by making the output electrical power
equivalent to the mechanical power. The impedance introduced by the PRBFCL during
the fault causes the stator voltage of the DFIG and SG to be developed due to voltage
drop across the impedance of the PRBFCL. Delivery of the electrical power is maintained
by DFIG and SG, and the desired power balance is achieved.
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Figure 45. Hybrid power system model.
B. System Model
This work employed the power system model depicted in Fig.45 for transient stability
and dynamic performance analysis. It consists of one synchronous generator (100 MVA,
SG)-based single machine infinite-bus system [41]–[43], to which one PV farm of 50
MW and one DFIG-based wind farm of 60 MW are integrated through a short
transmission line. These energy sources are delivering power to the utility grid through
double circuit transmission lines. Although a practical wind power station consists of
many generators, it is considered to contain a large equivalent aggregated single
generator with the power capacity mentioned in the paper. The wind generator is driven
by an equivalent aggregated variable-speed wind turbine (VSWT) through an equivalent
gearbox [11]. Also, the PV plant consists of a large number of PV modules connected in
series-parallel combination to attain the desired power level, and it is connected to the
PCC by a boost converter and an equivalent aggregated dc to ac inverter. The perturb and
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observe (P&O) maximum power point tracker (MPPT) [16] for the PV is implemented on
the boost converter for extracting maximum PV power at varying meteorological
conditions. The PRBFCL or BFCL is placed at the grid point as shown in Fig. 45.
C. Modeling of PV System
Large PV plants are composed of several PV panels or modules. In this work, 100 PV
modules are connected in series, and total 2500 branches are connected in parallel to
form a PV plant of rated 50 MW. KC200GT PV module with 200 W of peak power is
employed for this work [98].
D. Controlling of Boost Converter
At normal operating condition, the MPPT generates the duty cycle to drive the DC/DC
boost converter. When there is a grid fault, the DC-link voltage goes to very high, as the
incoming DC power from the PV panel cannot be injected to the grid, due to severe
voltage dip. In order to mitigate the sharp rise in DC-link voltage, a non-MPPT mode is
adopted as shown in Fig. 46(a) [18], [20], [35]. The MPPT controller is bypassed, and the
PI controller-based non-MPPT strategy comes into the action, when the grid fault is
detected. The non-MPPT strategy reduces the active power insertion to the grid during
emergency grid fault, which will eventually allow the inverter to insert reactive current to
provide dynamic voltage support without exceeding the inverter maximum current limit.
E. Controlling of Voltage Source Inverter (VSI)
In this work, a three-level, three-phase voltage source inverter (VSI) is used for the
conversion of DC power to AC power for grid interfacing. Fig. 46(b) represents the
control strategy of the VSI along with the reactive power injection scheme according to
the grid code [18], [20], [35]. The VSI control system employs external voltage regulator
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for generating Idpv_ref reference current for maintaining constant DC link voltage. Iqpv_ref is
set to zero for maintaining the unity power factor at normal operating condition. When a
voltage sag is appeared due to grid side fault, the reactive current injected according to
the E.ON grid code [17], as shown in Fig. 46(c), and mathematically it can be expressed
as [26]:

 0,

 k  kVg ,
In 
 1,

Iq

0.9 p.u V g 1.1 p.u
0.5 p.u V g 0.9 p.u

(31)

V g 0.5 p.u

Where, the value of k is 2 and Vg is the PCC voltage, Iq is the reference reactive current
and In is the rated inverter current. According to the E.ON grid code, the VSI should
insert full reactive current when grid voltage drops down to 0.5 p.u. The reference
reactive current during the voltage dip can be determined by:

I qpv_ ref 

Iq
In

 In

(32)

The reference active current during the fault condition can be determined by [18]:

I dpv_ ref

In ,

 2
2
  I n  I qpv
_ ref ,

0,


0.9 p.u V g 1.1 p.u
0.5 p.u V g 0.9 p.u
V g 0.5 p.u

The internal current regulator generates the desired direct (Vd_VSC) and quadrature
(Vq_VSC) axis voltage which are then converted to three modulating voltage to VSC
control. The control scheme describe above is sufficient to perform FRT of the PV
system during the grid disturbance.
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(33)

F. Modeling of Synchronous Generator
The equations employed to model the SG in this work are described in [30]. The SG is
equipped with automatic voltage regulator (AVR) and Governor (GOV) control systems
[142]. The SG parameters employed for the design consideration are available in [142].
Subtransient effects are taken into consideration while designing the SG model. The
model is designed considering the rotor dq-axis as reference which rotates at rotor speed.
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Figure 46. (a) Control scheme of DC-DC boost converter, (b) control scheme of voltage
source inverter, (c) injected reactive current profile.
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Figure 47. Control system for the DFIG grid side converter.
G. Modeling of Wind Turbine
The mechanical power extraction from the wind can be expressed as follows [143].

Pw  0.5 *  *  * R 2 * Vw3 * CP ( ,  )

(34)

Where Pw and Vw are the extracted power (watt) from the wind and the wind velocity (ms1

) respectively, ρ represents the air density [kgm-3], and Cp denotes the power coefficient

which is the function of tip speed ratio, λ, and blade pitch angle, β [deg], and R represents
the blade radius in meter (m). Also, the wind turbine MOD-2 model is considered for this
work [68].
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H. Control Scheme of DFIG
The DFIG stator winding is connected to the grid by 0.69/66 kV step-up transformer,
whereas the rotor winding is connected to the low voltage side of the step-up transformer
through the power electronic converters (rotor side converter (RSC) and grid side
converter (GSC) and a transformer. A DC link is connected between the RSC and GSC.

Figure 48. Control system for the DFIG rotor side converter.
The DFIG has the provision of independent control of active and reactive powers by
employing rotor and grid side converters [11]. The GSC is used to maintain a constant
DC link voltage and regulate the stator voltage as shown in Fig.47. The measured current
in the dq frame (Ids_mes and Iqs_mes) needs to track the reference current Id_ref and Iq_ref,
respectively, to maintain constant DC link voltage and unity power factor at the output of
the GSC converter. During the normal operation, Iq_ref is set to zero; however, during the
grid fault, the reference reactive current is determined by E.ON grid code, as described in
PV reactive current insertion strategy. The desired direct (Vd_GSC) and quadrature (Vq_GSC)
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axis voltage is generated by the current regulator. Fig. 48 demonstrates the control
mechanism of RSC. The control of RSC needs the measured rotor current in dq frame
(Idrw_mes and Iqrw_mes) to track the reference currents that are generated by the real power
and the magnitude of the stator voltage setting, respectively. For this case also, a current
regulator is employed to generate the desired direct (Vd_RSC) and quadrature (Vq_RSC) axis
voltage [11].

Figure 49. DFIG DC-link protection scheme with DC chopper.
I. Protection of the DC-link of DFIG during fault
A DC-chopper with a resistor is connected in parallel with the DC-link of the DFIG as
shown in Fig. 49., with a similar function to that of the rotor side crowbar for the purpose
of reducing the DFIG dc-link voltage during the fault [84]. During the grid voltage sag,
the additional active power coming from the rotor side converter is dissipated at the DC
chopper, and the abrupt rise of DC link voltage is prevented. The IGBT is ON when VDC1
exceeds VDC1max, and thus, the DC chopper is switched ON and the energy is consumed
by the resistance.
J. Bridge Type Fault Current Limiter (BFCL)
In this work, in order to see the effectiveness of the proposed PRBFCL, its
performance is compared with that of the bridge type fault current limiter (BFCL) [87],
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[144]. The BFCL was employed for enhancing the fault ride through capability [90] of
wind firm and the transient stability [87] of multimachine power system.

Figure 50. Bridge fault current limiter.
a) BFCL Configuration, Design and Control
Figure 50 shows the bridge fault current limiter (BFLC) [87]. It consists of two
branches: bridge part and shunt branch. The construction of the bridge part is same as that
of the PRBFCL. During the normal operation, closed IGBT switch permits the positive
half line current to pass through the diodes D1, D4 and, bridge part; whereas, the negative
half cycle of the line current flows through D3, LDC, switch and D2. During the fault event
at the transmission line, the IGBT switch is opened by the controller that forces the line
current to take the path of shunt branch. For designing the shunt branch, the strategy
adopted in [144] is implemented in the work. To minimize the negative impact of the grid
fault to the power sources, BFCL needs to consume the power at least equal to the power
carried by the line at prefault condition. By consuming the power generated by the power
sources during the grid fault BFCL minimizes the destabilizing torque of the rotating
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machines and also makes the power balance between DC and AC sides of the VSI of the
static PV generator. The value of XSh and Rsh are found to be 0.014 pu and 0.488 pu,
respectively for obtaining best system performance. In [144], the procedure for
determining the values of Xsh and Rsh are discussed in detail. The control structure of the
BFCL is same as that of the PRBFCL as shown in Fig.52. Although the control structures
for both PRBFCL and BFCL are the same, but the impedance imposed during the fault
event for PRBFCL has more impact than the BFCL, because of the presence of capacitor
and resistor.

Figure 51. Configuration of PRBFCL.
K. Parallel-Resonance Bridge fault Current Limiter (PRBFCL)
a) Configuration of PRBFCL
Figure 51 shows the configuration of PRBFCL which consists of two branches,
namely, bridge part and resonance branch. The bridge part consists of a diode rectifier
bridge, a small dc link inductor (Ldc), an IGBT based semiconductor and a freewheeling
diode (D5). It is worthwhile to mention here that high rating diodes (Semikron SKNa 402
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and VS-SD1700C..K) and semiconductor (IGBT) switches (CM200HG-130H) are
commercially available [144]. In general, the bridge could be made up of more than one
diode per branch (in series or in parallel) and that in the proposed example one diode is
sufficient for sustaining the entire power in normal operation. For example, the VSSD1700C.K series diode has maximum rated current above 3 kA and the maximum
current that can flow through the PRBFCL is 1.83 kA. Also, for the protection of the
semiconductor switch, a snubber circuit is required which is not shown here. The other
branch of PRBFCL contains parallel resonance part of LC and two series connected
resistors with L and C, respectively.
b) PRBFCL Design
The model system power capacity is taken into the consideration for approximating the
parameters of the PRBFCL. The current characteristic of IGBT is employed to choose the
value of LDC. In this work, as a protection scheme, the PRBFCL is placed in each phase of
three-phase line near to the PCC. Since the maximum capacity of the hybrid power
system is 210 MW, each phase of the three-phase line carries 70 MW of maximum
power. To ensure the normal operation, the parallel-resonance (PR) branch should hold
the PCC voltage near to the prefault voltage. The effective resistance of the PRBFCL
(RPR) allows the evacuation of the active power of hybrid power system; it also creates a
voltage drop that leads to boosting the terminal voltage of the power sources. The power
consumed by the PRBFCL at postfault is given by:
PPRBFCL ≤ PG/3

(35)

PPRBFCL ≤ I2fault RPR

(36)
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Where PG (PG= PSolar +PWind +PSG) represents the rated power generated by the hybrid
source and PSolar, PWind, and PSG represent the rated power generated by solar, wind, and
synchronous generator, respectively; RPR is the PRBFCL equivalent resistance required to
consume the generated source power. The value of RPR is about 0.48 pu considering (35)
and (36).
For the sake of numerical explanation for getting the value of RPR equal to 0.48 pu, it
is considered that each phase of the three-phase line carries 70 MW (210MW/3) of
maximum power. In this condition, the predesired value of the fault current (1.83 kA) can
be achieved by considering the equal sign of equation (35) and (36) as follows:
PPRBFCL = 210 MW /3= 70 MW, Ifault = (70 MW/66 kV) * sqrt(3)= 1.83 kA,
RPR = (70 MW/(1.83 kA)2)/ Rbase= 0.48 pu, where Rbase=V2nom / Pbase; Rbase= base
resistance, Pbase= system base power.
The inequity sign in (35) and (36) come into the consideration when the renewable
energy sources generate less power than that of their rated capacities. In that case, power
consumed by the PRBFCL (PPRBFCL) satisfies the conditions PPRBFCL < Pg/3 and PPRBFCL
< I2fault RPR, or RPR> PPRBFCL/ I2fault. Renewable energy sources such as PV and wind
could generate less power than that of their rated capacities because of the varying
environmental conditions (low irradiance for PV and low wind speed). Considering the
SG always delivers 100 MW of base power, the value of PPRBFCL varies from 33.33 MW
(100 MW/3, 100MW from SG and 0 MW from PV and wind generator) to 70 MW (210
MW/3, 100 MW from SG and 110 MW from PV and wind generator). It is important to
note here that the value of RPR is determined considering all energy sources in the hybrid
power system generate rated power. From the simulation results, it is found that the same
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design consideration of PRBFCL is also capable of stabilizing the hybrid system, when
the renewable energy sources do not produce the rated capacity power. The variations of
the RPR can be demonstrated in the following table:
Table 8. Determination of RPR
PSG
(Constant
power
contribution)

PSolar+PWind
(Variable
power
contribution)

Per phase power
Ifault
(PSG+PSolar+PWind)/3
or PPRBFCL during
fault

RPR
1
pu=(43.57
ohm)

0 MW

Total
power
generated
by hybrid
system
PSG+PSolar
+PWind
100 MW

100 MW

33.33 MW

0.87 kA

100 MW

40 MW

140 MW

46.67 MW

1.22 kA

100 MW

80 MW

180 MW

60 MW

1.57 kA

100 MW

110 MW

210 MW

70 MW

1.83 kA

1 pu or
43.57 ohm
0.71 pu or
31.12 ohm
0.55 pu or
24.2 ohm
0.48 pu or
20.9 ohm

The derivation of the equivalent impedance of the resonant part is as follows:
R1 R2 
Z PR 

L pr
C pr

R1  R2

 j

L pr ( R2  R1 )

(37)

R1  R2

The resistive part of ZPR is made equal to the RPR (0.48 pu), considering the rated
power generated by the energy sources of hybrid power system.

R1 R2 
RPR 

L pr
C pr

(38)

R1  R2

A standard capacitor (Cpr) value of 300µF is selected from [145] for the system voltage
level. An inductor (Lpr) value of 0.0338 H is computed considering the resonance
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condition with 50 Hz operating frequency. For the design consideration, the value of R2 is
chosen as 1.15 pu [69], [144], [146] and then the value of R1 calculated from (38) is 0.73
pu. Also, the value of Ldc used for this work is 1mH with the inherent resistance RDC of
0.3 mΩ which results in time constant of 3.33 s and this is suitable enough to make the
DC reactor current smooth. It is important to note here that the design parameters
mentioned here are the same for both balanced and unbalanced faults in order to evaluate
the transient stability of the hybrid power system.

Figure 52. Control scheme of PRBFCL/BFCL.
c) Control of PRBFCL
At the time of normal operation, the IGBT switch remains on state, since the gate
voltage Vg is high and the positive half line current passes through D1, LDC, RDC and D4.
For the negative half cycle, current conduction takes place in D2, LDC, RDC, and D3. LDC
imposes negligible voltage drop at the time of normal operation, since it has a very small
value. The current through the bridge is unidirectional or DC, which causes LDC to charge
at peak current and behaves like a short circuit. Therefore, the bridge has no impact at
normal system operation. The resonance branch imposes high impedance at power
frequency to allow any leakage current.

85

Figure 52 represents the control scheme of the PRBFCL. Normally, the overcurrent at
PCC or voltage dip at PCC is employed to detect the fault or grid abnormality in case of
grid-connected PV system [143]. In this work, voltage at PCC is exploited for fault
detection and PRBFCL control mechanism. When the fault is appeared on the line, the
PCC voltage goes near to zero and the PRBFCL control system makes the IGBT gate
voltage to go low that eventually turns off the IGBT. The bridge is open-circuited and
parallel-resonance branch come into the action with the faulted line. The resonance
branch limits the fault current and holds the PCC voltage up to make the PV, wind and
synchronous generator dynamically stable. At the same time the freewheeling diode (D5)
gives the discharge path of LDC, when the IGBT switch turns off. As the circuit breaker
opens and system recovers, the PCC voltage rises. When the PCC voltage regains to the
level of nominal voltage, the gate voltage goes high to turn on the IGBT and system
returns its normal operation. Also, at fault initiation, the LDC acts as a current snubber,
which hinders the sharp rise of di/dt to protect the IGBT. Depending on the output of the
comparator, a step generator generates the proper get voltage to turn on or turn-off the
IGBT switch.
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(a)

(b)

(c)

(d)

Figure 53. (a)–(d) Responses of DFIG without compensation, with FRT schemes, with
BFCL and with PRBFCL in response to 3LG fault at F1 location.
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(a)

(b)

(c)

(d)

Figure 54. (a)–(d) Responses of SG without compensation, with FRT schemes, with
BFCL and with PRBFCL in response to 3LG fault at F1 location.
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Figure 55. Comparative transient responses PV DC-link voltage considering the studied
system subject to 3LG fault.

L. Simulation Result and Discussion
a) Simulation Scenario
In this work, simulations were carried out by using the Matlab/Simulink Software. For
the transient analysis, both balanced [three-line-to-ground (3LG)] and unbalanced
[double-line-to ground (2LG) and line-to-ground (1LG)] faults were considered at F1
location near the PCC as shown in Fig. 45. Fault location F1 is the most vulnerable point
of the network since it is the closest point to the PRBFCL device. The fault is considered
to occur at 0.1 s, the breakers of the lines are opened at 0.2 s (after 5 cycles) and reclosed
at 1.2 s (after 50 cycles). A total simulation time of 10 s with 0.00001 s time step is
considered. Simulations are conducted for following three cases:
4) Case 1: without any auxiliary controller
5) Case 2: with PRBFCL
6) Case 3: with BFCL
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7) Case 4 : with FRT schemes (FRT of PV + FRT of DFIG
+ AVR and GOV schemes of SG)
b) Transient Stability Improvement by PRBFCL During Balanced Fault
The transient stability performance of the energy sources in the hybrid power system is
evaluated when the system is subjected to a bolted 3LG (three-line-to-ground) fault at F1
location in Fig.45. The comparative simulation results of DFIG and SG are shown in
Figs. 53 and 54, respectively. The real power inserted to the grid during the fault by
DFIG and SG, without series protection schemes, drops down to very low, as illustrated
in Figs. 53(c) and 54(b), respectively. Hence, the mechanical power of the DFIG and SG
cannot be transformed into electrical power that causes a very high stresses on the
mechanical parts of the rotating machines (DFIG and SG) and increasing the DFIG and
SG rotor speed, as shown in Figs. 53(a) and 54(b), respectively. Without any protection
scheme in the system, the current rises abruptly and the voltage drop occurs at the wind
generator and SG terminals during the fault. The electromagnetic torque of the DFIG
abruptly goes near to the zero, since the electromagnetic torque is proportional to the
square of the terminal voltage [147]. During the grid fault, the PRBFCL or BFCL
suppresses the fault current and prevents the DFIG and SG terminal voltages to go low,
as shown in Figs. 53(b) and 54(d), respectively. With employing the PRBFCL or BFCL,
the DFIG and the SG are able to deliver the real power to the grid and keep the generators
near to equilibrium condition according to (6). Without any series protection scheme (i.e.
FRT or no controller schemes), the equilibrium condition of the rotating machines is not
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(a)

(b)

(c)

(d)

Figure 56. Comparative transient responses during 3LG fault at the middle of the second
transmission line of Fig. 45: (a) DFIG rotor speed, (b) DFIG terminal voltage, (c) PV
DC-link voltage, (d) SG load angle.
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maintained; consequently, the rotor speed is increased. It is evident from the comparative
transient responses of DFIG and SG represented in Figs. 53 and 54 that, the PRBFCL
offers better transient stability than the system with BFCL. From the Figs. 53 and 54, it
can be observed that SG and DFIG demonstrate less oscillatory behavior during the
disturbance by the FRT schemes compared to that of the no controller scheme. Since the
FRT schemes of PV and DFIG are accompanied with the reactive current injection
according to the PCC voltage dip, it also helps damping the electromechanical
oscillations as evident from Figs. 53 and 54.
The grid side fault causes the oscillations in the voltage and current of DC side of the
PV voltage source inverter (VSI) [148]. The VSI requires a constant DC link voltage and
the oscillation is not desirable for its proper functioning. When a fault occurs, the inverter
is unable to deliver the power generated by the PV plant to the grid because of the drop in
the grid voltage. The excess energy gives a sharp rise to the DC link voltage. Also, the
low voltage due to grid fault prevents the full transmission of generated real power from
the wind turbine to the grid, leading to power imbalance between RSC and GSC of DFIG
that causes the rising of the DC-link voltage, and increasing fluctuations of the currents
and voltages in the DFIG system [127]. Although the DC-link overvoltage of PV and
DFIG are mitigated by the internal controllers installed in the stations themselves (i.e.
Non-MPPT voltage regulator for PV and DC-chopper circuit for DFIG), the proposed
PRBFCL helps improving the DC-link profiles of both the DFIG and the PV as shown in
Figs. 53(d) and 55, respectively. Oscillation of the DC-link voltages are damped down
after clearing the fault by breaker opening and controller tracks the nominal DC-link
voltage. Comparative simulation results of the hybrid power system considering a 3LG
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(a)

(b)

(c)

(d)

Figure 57. Comparative transient responses of the power system under 2LG fault at F1
location. (a) Equivalent DFIG-based wind farm rotor speed, (b) Equivalent DFIG-based
wind farm terminal voltage, (c) PV DC-link voltage, (d) SG load angle.
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(a)

(b)

(c)

(d)

Figure 58. Comparative transient responses of the power system under 1LG fault at F1
location. (a) Equivalent DFIG-based wind farm rotor speed, (b) Equivalent DFIG-based
wind farm terminal voltage, (c) PV DC-link voltage, (d) SG load angle.
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fault at the middle of the transmission line 2 is shown in Fig.56. It is evident from the
simulation results of Fig. 56 that, the series protection scheme of PRBFCL is more
effective than BFCL in stabilizing the hybrid power system considering severe fault at
the middle of the transmission line.
c) Transient Stability Improvement by PRBFCL During Unbalanced Fault
Stability analysis regarding the unbalanced fault conditions are also investigated under
the proposed protection scheme. The responses of the DFIG-based wind generator, PV
system and SG in case of the 2LG and 1LG faults at F1 location of the studied power
system are shown in Fig. 57 and Fig. 58, respectively. It is clear from the Figs. 57 and 58
that the transient stability of the power sources are enhanced by both the PRBFCL and
BFCL in the case of unbalanced fault. However, the PRBFCL performs better than the
BFCL.
Table 9. Values of Indices for Performance Comparison During 3LG Fault.
Index
Parameters
dfigspd
(pu.sec)
dfigpow(pu.sec)
dfigvlt (v.sec)
pvvlt (pu.sec)
sgang (deg.sec)
sgvlt (pu.sec)
sgspd (pu.sec)
sgpow(pu.sec)

Values of indices
Without
With
Controller FRT
0.167
0.166

With
BFCL
0.117

With
PRBFCL
0.109

0.279
0.330
0.855
18.17
0.322
0.105
1.829

0.221
0.231
0.186
9.502
0.158
0.101
1.039

0.210
0.212
0.181
6.707
0.115
0.098
0.773

0.278
0.319
0.201
16.68
0.296
0.104
1.691
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Table 10. Values of Indices for Performance Comparison During 2LG Fault.
Index
Parameters
dfigspd
(pu.sec)
dfigpow(pu.sec)
dfigvlt (pu.sec)
pvvlt (pu.sec)
sgang (deg.sec)
sgvlt (pu.sec)
sgspd (pu.sec)
sgpow(pu.sec)

Values of indices
Without
With
Controller FRT
0.147
0.146

With
BFCL
0.107

With
PRBFCL
0.105

0.254
0.283
0.656
14.86
0.257
0.113
1.543

0.206
0.208
0.176
5.186
0.094
0.101
0.632

0.203
0.200
0.172
3.454
0.069
0.100
0.479

0.251
0.278
0.187
13.56
0.238
0.103
1.415

Table 11. Values of Indices for Performance Comparison During 1LG Fault.
Index
Parameters
dfigspd (pu.sec)
dfigpow(pu.sec)
dfigvlt (pu.sec)
pvvlt (pu.sec)
sgang (deg.sec)
sgvlt (pu.sec)
sgspd (pu.sec)
sgpow(pu.sec)

Values of indices
Without
With FRT
Controller
0.115
0.108
0.219
0.214
0.227
0.212
0.241
0.185
8.301
7.592
0.143
0.136
0.120
0.112
0.919
0.845

With
BFCL
0.104
0.201
0.195
0.174
3.280
0.063
0.098
0.466

With
PRBFCL
0.103
0.200
0.191
0.162
2.556
0.053
0.095
0.408

M. Index Based Transient Stability Performance
For more clear perspective, transient stability of the hybrid system is evaluated by
exploiting several performance indices, such as, dfigpow(pu.sec), dfigvlt (pu.sec), dfigspd
(pu.sec), sgang, (deg.sec), sgpow(pu.sec), sgvlt (pu.sec), sgspd (pu.sec), and PVvlt (v.sec).
Lower values of the indices indicate improved system performance. Mathematical
representations of the performance indices of the power generating sources can be
defined as follows:
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Where ∆Pwg, ∆Vwg, ∆ωwg, ∆Vpvdc, ∆δ, ∆Psg, ∆Psg, and ∆ωsg represent power deviation of
DFIG, terminal voltage deviation of DFIG, speed deviation of DFIG, DC-link voltage
deviation of PV, the load angle deviation of SG, power deviation of SG, terminal voltage
deviation of SG, and rotor speed deviation of SG, respectively. Also, T is the total
simulation time of 10.0 sec. Tables 9, 10, and 11 represent the values of the indices for
the 3LG, 2LG, and 1LG faults, respectively. It is evident from Tables 9, 10, and 11 that
the system performance is the worst without any protection scheme. However, a notable
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improvement in stability performance can be observed with the PRBFCL and BFCL in
the system. Also, compared to BFCL and FRT methods, the PRBFCL shows smaller
stability indices, which means it performs better for stabilization of the system.

(a)

(b)

Figure 59. Reactive current injection due to 3LG fault with 100% voltage dips: (a)
injected reactive current from the VSI of the PV into the grid; (b) injected reactive
current from the GSC into the grid.
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N. Compliance with Grid-code requirement
The PV and wind generator have to insert mandatory reactive current during PCC
voltage drop. The E.ON grid-code requirement for the reactive current insertion by the
PV and wind generator during the voltage sag is shown in 46(c). Accordingly, PV and
wind generators have to supply full (100%) reactive current when the voltage falls below
50%. The performance of the proposed protection scheme is evaluated in conjunction
with the E.ON grid code for the voltage profile and reactive current support during the
3LG fault. Figs. 59 (a) and 59 (b) show the reactive current profiles of the PV and DFIG,
respectively, during 3LG fault (100% voltage dip) with the protection schemes. The PV
plant injects full reactive current of 1 pu as directed in Fig. 59(a), while the reactive
current insertion from GSC of DFIG reaches its rated limit of 0.3 pu with respect to rated
capacity of the wind farm with all the protection schemes as shown in Figs. 59 (b).
Normally, the rated capacity of the converter is 30% or 0.3 pu with respect to the rated
capacity of the wind firm which allows only 0.3 pu reactive power to be injected during
3LG with 100% voltage dip.
O. Cost and Practical Implementation Feasibility
Although the actual cost of the PRBFCL and BFCL are not known, however, it can be
inferred from the number of components used for the device fabrication. A single phase
implementation of the PRBFCL requires resistor, capacitor, inductor, diodes and the
power electronic switches. With the advancement of the power electronics application,
the high rating IGBT switches and power diodes are available in the market for the
practical implementation of PRBFCL. Also, the capacitor, inductor and resistor are
simple and inexpensive passive electrical components. Therefore, the total establishment
99

cost for the PRBFCL might be little higher than that of BFCL, since it requires one more
resistor and capacitor. So, the PRBFCL can be installed with the large-scale power
generators connected to the grid to sustain and obtain the stability of the energy sources
during the grid abnormality.
P. Conclusion
This chapter proposes the application of a PRBFCL to enhance the transient stability of
a large scale hybrid system consisting of a wind generator, a PV system, and a
synchronous generator. The effectiveness of the proposed method is tested by considering
both balanced and unbalanced faults at one of the transmission lines. Based on
simulations, the following points are noteworthy.
a) The proposed PRBFCL method ensures the transient stability augmentation of the
hybrid power system.
b) The impact of the proposed protection scheme is significant in stabilizing the
rotating machines in the hybrid power system, such as SG and DFIG.
c) Internal FRT scheme is sufficient for stabilizing the low-inertia PV generators in
the hybrid power system.
d) The performance of PRBFCL is better than that of BFCL which is evident from the
graphical plots as well as index values.
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VIII.

TRANSIENT STABILITY AUGMENTATION OF PV/DFIG/SG-BASED HYBRID
POWER SYSTEM BY NONLINEAR CONTROL-BASED VRFCL
This chapter proposes three nonlinear controllers such as fuzzy logic controller (FLC),

static nonlinear controller (SNC), and adaptive-network-based fuzzy inference system
(ANFIS)-based variable resistive type fault current limiter (VR-FCL) to augment the
transient stability of a large-scale hybrid power system consisting of a doubly fed
induction generator (DFIG)-based wind farm, a photovoltaic (PV) plant and a
synchronous generator (SG). Appropriate resistance generation of the VR-FCL during a
grid fault to provide better transient stability is the main contribution of the work. The
effectiveness of the proposed control methods in improving the transient stability of the
hybrid power network is verified by applying both balanced and unbalanced faults in one
of the double circuit transmission lines connected to the system.
A. Concept of Stability Enhancement by VR-FCL
The basic concept of fuzzy logic, static or ANFIS controller-based VR-FCL for
enhancing the stability is to introduce a medium of active power evacuation properly during
the grid fault. During the network fault, fault current is fed from power sources to the faulty
node due to huge voltage sag at that node which causes very small active power and voltage
generation at the rotating machines (DFIG & SG) and the PV plant. That leads the rotating
machines of the system to lack of the equilibrium state and may incur the instability. This
situation can be explained by equation (30) in chapter 7.
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The stability of the machine can be maintained by making the output electrical power
equivalent to the mechanical power. Introduction of the resistor of the FCL during the fault
causes power dissipation and also stator voltage is developed due to voltage drop across
the resistor of the WG and SG. Delivery of the electrical power is maintained by DFIG and
SG, and the desired power balance is achieved. For the PV, the occurrence of a fault at the
grid makes the inverter incapable of delivering power generated by the PV source due to
decrease in the grid voltage. This excess power causes the DC link voltage to go high due
to the power imbalance between the grid side and PV side [35]. The VR-FCL concept is
employed to balance the active power at the both sides of the converters during the
abnormal grid condition (fault). Dynamic inclusion of a resistor between fault point and
the PV terminal can balance the active power. Again, the insertion of a resistor would
increase the voltage at the connection point of the PV and thereby prevents the DC link
voltage to go high sharply.
B. Model System
This work employed the power system model depicted in Fig.45 for transient stability
analysis. It consists of one synchronous generator (100 MW, SG)-based single machine
infinite-bus system, to which one PV farm of 50 MW and one DFIG-based wind farm of
60 MW are integrated through a short transmission line. These energy sources are
delivering power to the utility grid through double circuit transmission lines. The
equations described in [30] are used to model the SG in this work. The SG is equipped
with automatic voltage regulator (AVR) and governor (GOV) control systems [142]. The
SG parameters used for the design consideration are available in [142].
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Although a practical wind power station consists of many generators, it is considered
to contain a large equivalent aggregated single generator. The wind generator is driven by
an equivalent aggregated variable-speed wind turbine (VSWT) through an equivalent
gearbox [11]. The DFIG stator winding is connected to the grid by 0.69/66 kV step-up
transformer, whereas the rotor winding is connected to the low voltage side of the step-up
transformer through the power electronic converters (rotor side converter (RSC) and grid
side converter (GSC)) and a transformer. A DC link is connected between the RSC and
GSC. The GSC is used to maintain a constant DC link voltage and regulate the stator
voltage. Control block diagram of the GSC and RSC are shown in Fig. 60(a) and Fig.
60(b), respectively.
The PV plant consists of a large number of PV modules connected in series-parallel
combination to attain the desired power level, and it is connected to the point of common
coupling (PCC) by a boost converter and an equivalent aggregated dc to ac inverter. In
this work, 100 PV modules are connected in series, and total 2500 branches are
connected in parallel to form a PV plant of rated 50 MW. KC200GT PV module with
200W of peak power is employed for this work [98]. The perturb and observe (P&O)
maximum power point tracker (MPPT) [16] for the PV is implemented on the boost
converter for extracting maximum PV power at all environment conditions. A three-level,
three-phase voltage source converter (VSC) is used for the conversion of DC power to
AC power for grid interfacing. Fig. 61 represents the block diagram of the VSC.
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(a)
(a)

(b)
Figure 60. Block diagram of the (a) GSC controller, (b) RSC controller of the studied
DFIG.
It is to note here that the nonlinear control-based variable resistive type fault current
limiter (VR-FCL) is placed at the PCC of Fig. 45. The reason to choose locating the VRFCL at the PCC is described in the following. Literature shows that coordinated operation
of SFCL and SMES is employed at the PCC to enhance the FRT and the power
fluctuation minimization purpose of DFIG-based wind farm [78]. Resistor-based
superconducting fault current limiter (SFCL) [76], [80] and high temperature
superconducting FCL [81] are placed at the PCC point in order to enhance the transient
stability of synchronous generator (SG)-based single-machine-infinite-bus (SMIB) power
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system. The Bonneville Power Administration (BPA) installed a braking resistor which
can evacuate 1400MW of fixed power to enhance power system stability [149] and the
VR-FCL works with the same principle like braking resistor. Dangjin power plant
operating under utility company Korean Power Exchange (KPX) has multiple thermal
power generating units connected to a common bus (PCC) and SFCL is placed at the
PCC to enhance the power system stability [82]. Based on this background of placing the
fault current limiters at the PCC, in this paper we have placed the proposed VR-FCL at
the PCC.

Figure 61. Block diagram of the VSC controller of the studied PV system.
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Figure 62. Configuration of VR-FCL.
C. Variable Resistance-Type Fault Current Limiter (VR-FCL)
Figure 62 shows the configuration of VR-FCL, which consists of an isolation
transformer connected in series with the power line, a three phase diode rectifier bridge, a
small dc link inductor (Ldc) and a parallel connected resistor (R) to a semiconductor
(IGBT) switch. Ldc works as the current snubber for the semiconductor switch and also it
contributes a negligible voltage drop during the normal operation. At normal operating
conditions, the semiconductor switch is ON, and the evacuating resistor is bypassed. The
DC side voltage equation of the VR-FCL is given by [91]:

VDC 

6



sin

3



nA

(47)

where n and A are the transformation ratio and amplitude of the line voltage,
respectively. For a fixed value of R, if the bypassed switch is opened during the fault, a
DC current with a value of IDC=VDC/R flows through it. The maximum allowable current
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during the fault can be exploited to set the value of R. Incorporation of the switching
mechanism of the bypass switch with the duty ratio can make the R dynamic and
adaptable as follows:
RDC  (1  D) R

(48)

where D and RDC are the duty ratio and the effective DC resistance appeared at the DC
side, respectively. The effective resistance (RACeff) appeared on the AC side can be
computed by employing the concept of equal active powers on AC and DC sides of the
diode bridge as follows [91]:
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3
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RDC

2

(49)

This results in the following:

RACeff 

2
18n 2

RDC

(50)

Besides limiting fault current, another significant feature of the VR-FCL is to generate
dynamic resistance. The suitable value of the resistance can be inserted to achieve better
transient stability by controlling the duty ratio. TPD and ∆VPCC during the fault are
exploited as the inputs to the fuzzy logic controller to generate the corresponding duty
ratio. For better transient stability, fast fault detection is required and in this work, root
mean square method is employed for this purpose [35]. The PCC root mean square
(RMS) voltage is computed without additional transformation given by:
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VPCC  Vd  Vq
2

2

(51)

where Vd and Vq are the d and q-axis voltage component, respectively. Fig. 63
demonstrates the calculation circuit to determine the TPD by filtering out the fluctuation
component of the power due to the fault. When the fault is detected, the semiconductor
switch starts switching with a duty ratio generated by the FLC. According to the duty
ratio generation, the value of RDC can be controlled to evacuate the power generated by
the energy sources properly. For the design consideration of VR-FCL, the value of R is
chosen as 1.60 pu. Also, the value of Ldc and n used for this work are 0.05H and 1,
respectively.

Figure 63. Control block diagram for generating the inputs (TPD and ∆PPCC) of the
fuzzy logic controller.

D. Design of Fuzzy Logic Controller for VR-FCL
A fuzzy logic controller (FLC) is based on the IF-THEN rules, and it is effective when
the mathematical modeling is difficult to implement, and there is existence of
nonlinearity or uncertainty [137]. The design of the proposed FLC is described below.
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a) Fuzzification
For designing the FLC, the total power deviation (TPD) from all the energy sources
and the voltage deviation at PCC are employed as inputs, and the duty cycle (D) for
switching the VR-FCL is used as the output. In this work, TPD can be defined as the
difference between the total power (PTotal) of all the energy sources at transient state and
that at the normal operating condition, i.e., TPD=( PTotal at transient state)-( PTotal at
normal operating condition). For the small variation of the inputs, triangular membership
functions that generate better damping characteristics than that of other membership
functions are adopted for both the inputs and output as shown in Fig. 64. For designing
the fuzzy logic controller, the input variables (TPD and ΔVPCC) were observed in different
conditions, especially, before and after applying the most severe fault at the transmission
line without applying any protection scheme. The maximum PCC voltage deviation was
about 1.03pu with the system subject to most severe fault (i.e 3LG fault). Also, the
maximum total power deviation (TPDmax) was found to be 2.1 pu under the same severe
disturbance since the hybrid system is capable of delivering maximum active power of
2.1 pu to the grid. Therefore, the universe of discourse (UOD), which is the range of
values associated with fuzzy variables, are set from 0 to 1.03 pu for ΔVPCC and from 0 to
2.1 pu for TPD as shown in Fig.64. Duty ratio for switching the IGBT switch is varied
from 0 to 1 that can vary the resistance of VR-FCL from maximum set value to the zero
resistance value. The linguistic variables denoted as NB, NS, ZO, PS and PB stand for
negative big, negative small, zero, positive small and positive big, respectively. For both
of the inputs, the equation of the triangular membership function employed to determine
the grade of membership values (µAi(x)) is given by [138]:
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 Ai ( x) 

1
(b  2 | x  a |)
b

(52)

where x is the input to the FLC, ‘a’ represents the coordinate of the point at which the grade
of membership is 1 and ‘b’ is the width of MFs.
b) Fuzzy Rule Base
It is the heart of a FLC, since the control scheme used to conduct the closed loop system
by storing all possible combinations of inputs and proper outputs for each of them. For the
sake of demonstration, one of the rules extraction procedures is described here.
Considering the model system of Fig.45, if ΔVPCC is PB or TPD lies in PS membership
function then the system is subjected to the severe disturbance and VR-FCL should come
into the action with a large resistance. According to (48), for generating large value of
resistance, a small duty cycle is required. Therefore, if TPD is PB and ΔVPCC is PS, then
the output is NB. The proposed FLC for controlling VR-FCL employs twenty-five control
rules as shown in Table 12.

Figure 64. Membership function of the fuzzy logic controller.
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Table 12. Fuzzy Rules.

ΔVPCC

NB
NB PB
NS PS
ZO PS
PS ZO
PB ZO

NS
PB
PS
ZO
ZO
NS

TPD
ZO PS
PS ZO
ZO ZO
ZO NS
ZO NS
NS NB

PB
ZO
NS
NS
NB
NB

c) C. Fuzzy Inference
Mamdani’s method [138] has been used for the inference mechanism while designing
the proposed fuzzy controller. According to the Mamdani’s method, each fuzzy rule with
the degree of conformity (Wi) is given by [138]:

W

i

  Ai ( x1 )   Ai ( x2 )

(53)

where (µAi(x1)) and (µAi(x2)) are the values of grade of memberships and i is the rule
number.
d) Defuzzification
In the last step, the output crispy values (duty cycle, D) are determined by simple
defuzzification method called center-of-area, which is defined by [138]:

D  Wi di / Wi

(54)

where di represents the value D which is expressed in terms of linguistic variable in the
fuzzy rule table.
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E. Design of the adaptive-network-based fuzzy inference system (ANFIS) Controller
a) ANFIS Structure
In this work, Sugeno-type ANFIS structure and learning algorithms are adopted [150].
Both ANN and FLC are independent of system modeling and they possess the common
ability to handle the uncertainties. ANFIS structure is organized into two parts, such as the
antecedent and the conclusion part. Similar to FL system, these two parts are related to
each other by rules. For the ANFIS structure with the Sugeno-type inference system, the
rules are given by:
If (x1=Ai) and (x2= Bi) then fi=pix1+ qix2+ri

(55)

where x1 and x2 are the inputs to the ANFIS structure with x1 denotes ∆VPCC and x2
represents the absolute value of speed deviation of the SG in this work; Ai and Bi denote
the fuzzy sets; fi is the output within the fuzzy region specified by the fuzzy rules; pi, qi,
and ri denote the designed parameters that were determined during the training process;
and i denotes the number of membership functions of each input.
As it can be seen from the Fig. 65(a), the elements of the ANFIS structure are the same
as that of the typical FLC except a layer of hidden neurons perform the computation at each
stage. In Fig. 65(a) five layers are shown, where the 1st layer (Inputs) with each neuron
represents a linguistic variable and the output is equal to the membership function of this
linguistic variable. In the 2nd layer (Input membership function), the incoming signals are
multiplied at each node and the products are sent out that corresponds to the firing strength
(wi) of a rule [83]. Every node in the 3rd layer (Rules), determines the ratio (𝑤
̅ i) of the i-th
rule’s firing strength to the sum of all rules firing strengths. In the 4th layer (Output
membership function), each node generates the output that is the product of the relative
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firing strength of i-th rule and the rule fi. The final layer (Output) determines the overall
structure output as the summation of the incoming signals from layer 4 [83].

(a)

(b)
Figure 65. (a) ANFIS internal structure (b) block diagram of the ANFIS controller
implemented in this work.

b) Design of an ANFIS Controller for VR-FCL
The PCC voltage deviation (∆VPCC) and the absolute value of speed deviation of the SG
(|∆ωSG|) have been utilized as the input to generate the VR-FCL resistance value by the
ANFIS controller as shown in Fig. 65(b). Designing of the ANFIS controller requires some
basic steps such as, 1) data generation, 2) rule extraction and membership functions, 3)
training and testing, and 4) results [85].

113

1.

Data Generation: Training data is required to implement the ANFIS controller.

Two-dimensional input vectors and the associated one-dimensional output vector were
generated by sampling the input variable ∆VPCC and |∆ωSG| uniformly and estimating the
VR-FCL resistance value R for each sampled point.
2.

Rule Extraction and membership functions: Initial rules are estimated after

generating the training data. The initial rules are optimized by the hybrid learning algorithm
[85]. The algorithm employs the iterative process to learn the parameters of the previous
MFs through back-propagation and the parameter optimization of the resulted equations
are accomplished by linear regression analysis [97].

Figure 66. Control surface of the proposed ANFIS.
3.

Training and Testing: Training procedure is conducted until reaching the desired

error level.
4.

Determination of the Parameters by Learning Algorithm: ANFIS employs a hybrid

learning procedure to estimates the parameters of the Sugeno-type fuzzy inference systems
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(FIS). It exploits the least square and the back-propagation gradient descent methods for
the training purpose of the FIS membership function parameters to imitate a given system’s
training data set[7].
ANFIS editor toolbox available in Matlab/Simulink is exploited to check the ANFIS
controller. The membership functions utilized are Bell-shaped with the number of epochs
are 3000. Like [97], the sample data for training the ANFIS was collected from the
generated database of the system subjected to severe disturbance with the protection
scheme of FLC-based VR-FCL. The ANFIS parameters that are generated after the training
are: the number of nodes=35, the number of linear parameters=9, the number of nonlinear
parameters=18, the number of training data pairs=2501, and the number of fuzzy rules=9.
As it can be seen that the ANFIS controller optimizes the control rules and makes it only 9
as contrast to the 25 rules required in the case of fuzzy controller. Therefore, the ANFIS
controller will require less memory as compared to the FLC. The surface plot of the input
and output signals are shown in Fig. 66. It can be seen from the Fig.66 that the absolute
value of SG rotor speed deviation varies from 0 to 4×10-4 pu and the PCC voltage deviation
ranges from 0 to 1.03 pu whereas the resultant output resistance RVR-FCL is varied from 0
to 0.70 pu. From the control surface, it can be seen that the large ∆VPCC and |∆ωSG| lead to
the insertion of higher value of resistance of VR-FCL. Employing the proposed ANFIS
with these input/output relationships, the hybrid power system subject to different faults
can be effectively stabilized.
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Figure 67. Static nonlinear controller.
F. Design of the Static Nonlinear Controller
In this work, an alternative static nonlinear controller is also implemented [151] for
evaluating the performance of the FLC-based VR-FCL and ANFIS-based VR-FCL. The
simple governing equation of the nonlinear controller is given by:
D/  K *TPD2

(56)

The controller parameter K associated with the controller can be fine-tuned to obtain
optimum performance. The controller parameter K is set at 0.14 which is found to be the
suitable value for enhancing the stability margin. Fig. 67 represents the block diagram of
the static controller.
Since the penetration of PV and wind power to an SG-based power system adds to the
nonlinearity of a system, the intention was to investigate a simple nonlinear controller that
can be incorporated to generate variable resistance. The square of the TPD is chosen as it
represents a very simple nonlinear controller. Initially, we have tried with the other
nonlinear functions such as the cubic and biquadratic functions. However, quadratic
nonlinear function showed the better transient stability enhancing capability than that of
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other functions considering the different fault scenario extending from most common
(1LG) to most severe (3LG) fault. Although the quadratic function showed better
performance for this hybrid power system, other nonlinear functions might work well for
other power system network.
As a simple static nonlinear controller is implemented, the value of the controller
constant K plays a significant role on the operation on the nonlinear controller-based VRFCL. It was observed that if the value of K is beyond some ranges, then the performance
of VR-FCL in terms of stability margin deteriorates rapidly. Within the certain constrain
of duty cycle that is the duty cycle should remain in the range of 0 to 1, we carried out the
same procedure. For different fault magnitudes, we used the same value of K and observed
both the system responses and the stability index values of the system. However, beyond a
certain limit, the stability of the hybrid system tends to be deteriorated due to over or under
compensation.
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Figure 68. Total power at PCC.

Figure 69. Effective DC resistance of VR-FCL.
G. Simulation Results
In this work, simulations have been carried out by using the Matlab/Simulink software
and considering both balanced and unbalanced temporary faults at F1 location as shown in
Fig. 45. In the case of PV farm, variable power is generated by the variable irradiance

118

profile, while the wind generator and SG are assumed to generate rated power, which
results in a variable power delivery by the hybrid system to the grid as shown in Fig.68.
Therefore, the TPD is variable for the hybrid power system and VR-FCL needs to be
dynamic to produce variable resistance for the proper evacuation of the active power. The
fault is considered to occur at 0.1 sec, the breakers of the lines are opened at 0.2 sec (after
5 cycles) and reclosed at 1.2 sec (after 50 cycles). A total simulation time of 10sec with
0.04 ms time step is considered. Simulations are conducted for the following four cases:

1)

Case 1: no auxiliary controller

2)

Case 2: with static nonlinear controller-based VRFCL

3)

Case 3: with fuzzy logic controller-based VRFCL

4) Case 4: with ANFIS-based VRFCL
H. Transient Stability Improvement by VR-FCL During Balanced Fault
Figure 69 shows the effective DC resistance of VR-FCL during the three line-to-ground
(3LG) fault at the grid side. The ANFIS or FLC-based VR-FCL imposes smaller value of
resistance than that of the static nonlinear control based VR-FCL. The resistor of the VRFCL allows evacuation of the active power of the power sources and also it causes voltage
drop at the PCC, i.e. voltage boosting at the terminals of the power sources.
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(a)

(b)

(c)

(d)

Figure 70.Comparative transient responses considering the studied system subject to 3LG
fault. (a) Equivalent DFIG-based wind farm rotor speed, (b) DFIG terminal voltage, (c)
DFIG real power, (d) DFIG DC-link voltage.
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(a)

(b)

(c)

(d)

Figure 71. Comparative transient responses considering the studied system subject to
3LG fault. (a) SG load angle, (b) SG real power, (c) SG rotor speed, (d) SG terminal
voltage.
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Figure 70 demonstrates the comparative transient responses of the DFIG, when the
hybrid power system subject to 3LG fault. DFIG responses are plotted to compare the
damping characteristics obtained by the VR-FCL combined with the three proposed
nonlinear control schemes such as the static nonlinear controller, the fuzzy controller, and
the ANFIS controller. It is evident from the DFIG responses that the VR-FCL joined with
any of the proposed nonlinear controller offers better transient stability than without the
protection scheme. Simulation results of the SG load angle, real power, rotor speed, and
terminal voltage are shown in Fig. 71(a)-Fig. 71(d), respectively. From the comparative
simulation responses of SG, it can be seen that ANFIS controlled VR-FCL shows superior
performance than that of other controller-based VR-FCLs. The SG responses are worst
without any protection scheme.
The DC-link voltage of the PV inverter is shown in Fig. 72. Low voltage fault appeared
at the grid side leads to the imbalance in power supplied from the DC side to the AC side
of the PV inverter which causes excessive voltage rise in DC-link. Also, overcurrent in the
AC side of the PV inverter may damage the power electronic converter [35]. Application
of the VR-FCL prevents the PV DC-link voltage and AC side current to go high and hence
protects the power electronic converter during grid low voltage disturbance. In this case
also, ANFIS-based VR-FCL shows little better performance than that of VR-FCL joined
with other controllers.
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Figure 72. Comparative transient responses PV DC-link voltage considering the studied
system subject to 3LG fault.

I. Transient Stability Improvement by VR-FCL During Unbalanced Fault
Stability analysis regarding the unbalanced fault condition is investigated under the
proposed protection schemes. Figures 73(a), 73(b) and 73(c) show the SG load angle, DFIG
rotor speed, and PV DC-link voltage profiles for the unsymmetrical double line-to-ground
(2LG) fault at F1 location of the studied power system. It can be seen from Fig. 73 that the
transient stability of the power system for the unsymmetrical fault is also enhanced by the
VR-FCL joined alternatively with three proposed nonlinear controller schemes.
J. Index Based Transient Stability Performance
For more clear perspective, transient stability of the hybrid system is evaluated by
exploiting several performance indices, such as, dfigpow(pu.sec), dfigvlt (pu.sec), dfigspd
(pu.sec), sgang, sgpow(pu.sec), sgvlt (pu.sec), sgspd (pu.sec), and PVvlt (pu.sec). Lower values
of the indices indicate improved system performance. Mathematical representations of the
performance index of each machine’s one parameter can be defined as follows:
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Where ∆ωwg, ∆Vdc and ∆δ represent speed deviation of DFIG, DC-link voltage deviation
of PV generator and the load angle deviation of SG, respectively. Also, T is the total
simulation time of 10 sec. Other performance indices of the machines can be represented
mathematically in the same way.
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(a)

(b)

(c)

Figure 73. Comparative transient responses of the power system under 2LG fault at F1
location. (a) SG load angle, (b) Equivalent DFIG-based wind farm rotor speed, (c) PV
DC-link voltage.
Table 13 represents the values of the indices for the 3LG fault. It is evident from Table
13 that the system performance is the worst without any protection scheme. However, a
notable improvement in stability performance can be observed with ANFIS-based VRFCL, FLC-based VR-FCL, and static nonlinear control-based VR-FCL in the system. Also,
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the ANFIS and FLC-based VR-FCL performs better than the static nonlinear static controlbased VR-FCL in every aspect.
Table 13. Values of Indices for Performance Comparison during 3LG Fault.
Index
Parameters
dfigvlt (pu.sec)
dfigspd (pu.sec)
dfigpow(pu.sec)
pvvlt (pu.sec)
sgang (deg.sec)
sgvlt (pu.sec)
sgspd (pu.sec)
sgpow(pu.sec)

Without
Controller
0.864
0.045
4.005
0.535
27.36
0.360
0.039
2.009

Values of indices
Static
Fuzzy
Controller Controller
0.736
0.735
0.006
0.005
0.015
0.011
0.029
0.028
17.15
16.51
0.076
0.063
0.009
0.007
0.506
0.405

ANFIS
Controller
0.718
0.003
0.006
0.022
12.28
0.046
0.004
0.361

K. Role of the Proposed VR-FCL under Unstable Case
Usually, the fault event is followed by the circuit breakers corrective action. The breaker
opens the faulted line before the system loses synchronism[70]. However, in the absence
of the proposed protection schemes, long lasting electromechanical oscillations are visible
because of a wide variation in the phase angle between the PCC point and the infinite bus.
It may cause severe adverse impact on the equipment connected to these lines as well as
the nearby buses. Transient stability margin is investigated under the proposed protection
schemes. Therefore, maximum critical clearing time (MCCT) under the system subjected
to severe 3LG faults are investigated, since these can be utilized as the transient stability
margin [69].The MCCT is the maximum allowed time at which a fault must be cleared to
preserve and maintain the stability of the whole system [152]. Lower value of MCCT
indicates less stable situation for power system transient stability studies [152]. Table 14
shows the comparative MCCT and it can be seen that the MCCT is lowest in the case of
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system with no controller. However, a significant increase in MCCT can be observed if the
hybrid power system is equipped with the proposed controller-based protection schemes.
Table 14. Values of MCCT for Performance Comparison During 3LG Fault.
Fault
Type
3LG

MCCT (sec)
No
Static
Fuzzy
ANFIS
Controller Controller Controller Controller
0.140
0.315
0.643
0.734

A case where the system goes to the unstable situation is also investigated and the roles
of the proposed controller schemes are observed. The simulations have been conducted
alternatively with no controller schemes, as well as the proposed protection schemes with
the same operating conditions under a 3LG fault and for prolonged fault duration of 0.15
sec. It can be seen from Fig.74 that the hybrid system without any protection scheme tends
to be unstable beyond the maximum critical clearing time of 140ms. However, the SNCbased, FLC-based or ANFIS-based VR-FCL is capable of bringing back the stability of the
hybrid system. For clear perspective, Figs. 74(b) and 74(c) are plotted with their enlarged
version. Therefore, an improvement can be observed that the proposed protection schemes
can enhance the stability margin and assist the system to retrieve the operation after faults.
From the graphical representation and the MCCT analysis, it can be seen that ANFIS-based
VR-FCL shows the superior performance than that of the other controller-based VR-FCLs
for handling the unstable case.
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(a)

(b)

(c)

Figure 74. Comparative simulation results with the system under prolonged (150ms) 3LG
fault at F1 location. (a) SG load angle, (b) DFIG-based wind farm rotor speed, (c) PV
DC-link voltage.
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(a)

(b)

Figure 75. (a) PCC voltage and (b) Power flow between hybrid system and grid with VRFCL.
L. Voltage and Power Flow Between Hybrid System and Grid with VR-FCL
In this work, the VR-FCL works as a series voltage booster. In a whole, the proposed
ANFIS-based, fuzzy logic controlled or static nonlinear controller-based VR-FCL
introduces a voltage booster that offers series voltage compensation capability and provides
a means of power evacuation to mitigate the power imbalance during the grid fault. Figure
75 shows the voltage and power profiles that are inserted to the grid. In this case, all the
power sources generate the rated power of 2.1 pu. The proposed nonlinear controller-based
series compensating devices (VR-FCL) can maintain the voltage stability after clearing the
fault. Without any controller, the PCC voltage oscillates beyond the level to ±0.1 pu of
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nominal voltage. However, from the voltage stability point of view, the power system
should maintain steady acceptable voltage at PCC after being subjected to fault. The PCC
voltage should be between 0.9 pu to 1.1 pu after clearing the fault. The nonlinear controllerbased VR-FCL maintains the PCC voltage level to ±0.1 p.u. of nominal voltage.
Also the PCC voltage is plotted in Fig. 75(a) with the E.ON grid-code [153], and it can
be seen that PCC voltage of the hybrid system complies with the grid code by staying above
the E.ON grid-code line. However, without any auxiliary controller in the system, PCC
voltage about to violate the grid-code near 1.8 sec. Therefore, hybrid power system
connected to a weak power system can be controlled to recover the terminal voltages of the
renewable energy generator as grid code suggests. Figure 75(b) shows that the hybrid
power system capable of delivering an improved power profile to the grid with all type of
VR-FCL. Without the VR-FCL protection scheme the inserted power to the grid is more
oscillatory in nature. Therefore, nonlinear controller-based VR-FCL helps improving the
overall power quality.
M. Conclusion
This chapter proposes three nonlinear controllers to generate the variable resistance for
the VR-FCL to enhance the transient stability of a large-scale hybrid power system
consisting of DFIG-based wind generator, PV, and synchronous generator. Based on
simulation results, the following points are noteworthy.
a) The proposed ANFIS, fuzzy logic, and static nonlinear controller-based VR-FCL are
capable of generating the variable resistance and ensure the transient stability augmentation
of the hybrid power system.
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b) During the grid-fault, the sharp rise of DC-link voltage of the PV system can be
prevented by proposed protection schemes.
c) The proposed protection methods are also capable of suppressing the DC link
overvoltage of the DFIG-based wind generator during the appearance of grid-fault.
d) Nonlinear controller-based VR-FCL significantly improves the transient stability
margin.
e) The VR-FCL joined with the proposed controllers is capable of stabilizing the power
system almost equally. Therefore, any of the methods can be chosen for the transient
stability enhancement of hybrid power system.
IX.

CONCLUSION, CONTRIBUTION OF THE DISSERTATION AND FUTURE
WORK

A. Conclusion
In this dissertation, a complete modeling of grid connected PV system is presented.
This dissertation proposes the application of fuzzy logic control-based non-MPPT for
enhancing the LVRT capability and inverter DC link protection of grid connected PV
system. This dissertation presents the determination of RR of a PV generated power due
to irradiance and temperature fluctuation. The PV power from four different stations is
analyzed. RRs and Pearson correlation of PV generated power of each station are
calculated and compared with the virtual station
This dissertation also proposes a parallel-resonance bridge type fault current limiter
(PRBFCL) to augment the transient stability of a hybrid power system consisting of a
photovoltaic (PV) power generation source, a doubly-fed induction generator (DFIG)based wind energy system and a synchronous generator (SG). The PRBFCL is designed
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such a way that it can provide sufficient damping characteristics to the studied power
system.
Furthermore, this dissertation proposes three nonlinear controllers such as fuzzy logic
controller (FLC), static nonlinear controller (SNC), and adaptive-network-based fuzzy
inference system (ANFIS)-based variable resistive type fault current limiter (VR-FCL) to
augment the transient stability of the same hybrid power system. All the proposed
methods exhibit almost similar performance. Therefore, any of the methods can be
chosen for the transient stability enhancement of the hybrid power system.
B. Contribution of the Dissertation
There are numerous applications of nonlinear controllers, such as fuzzy logic
controller (FLC), adaptive-network-based fuzzy inference system (ANFIS), and static
nonlinear controller in the power system stability analysis. But there are no works
associated with application of these nonlinear controller for enhancing the dynamic
performance, like LVRT or FRT and transient stability enhancement of the gridconnected PV systems and that is the main and original contribution of this work.
Moreover, another aspect of PV power which is smoothig of PV power is investigated in
this work.The originality of this work also lies in generating the variable resistance for
the fault current limiter to obtain better transient stability of a hybrid power system
consisting of consisting of a photovoltaic (PV) power generation source, a doubly-fed
induction generator (DFIG)-based wind energy system and a synchronous generator
(SG), DC integration of PV power to smooth out the PV power fuctuation.
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C. Future Work
In future, different types of fault associated with PV such as PV array internal fault and
DC link fault will be investigated. The novel protection schemes for these types of PV
fault will be investigated. Also, other means of improving low voltage ride through
capability will be investigated in the future research. Moreover, a novel control strategy
for optimum use of the energy storage system with distributed PV application will be
investigated.
X.
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